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THE Engineering Experiment Station was established by
act of the Board of Trustees of the University of Illinois
on December 8, 1903. It is the purpose of the Station to
conduct investigations and make studies of importance to the
engineering, manufacturing, railway, mining, and other industrial
interests of the State.
The management of the Engineering Experiment Station is
vested in an Executive Staff composed of the Director and his
Assistant, the Heads of the several Departments in the College of
Engineering, and the Professor of Industrial Chemistry. This
Staff is responsible for the establishment of general policies govern-
ing the work of the Station, including the approval of material for
publication. All members of the teaching staff of the College are
encouraged to engage in scientific research, either directly or in
cooperation with the Research Corps composed of full-time research
assistants, research graduate assistants, and special investigators.
To render the results of its scientific investigations available
to the public, the Engineering Experiment Station publishes and
distributes a series of bulletins. Occasionally it publishes circulars
of timely interest, presenting information of importance, compiled
from various sources which may not readily be accessible to the
clientele of the Station.
The volume and number at the top of the front cover page are
merely arbitrary numbers and refer to the general publications of
the University. Either above the title or below the seal is given the
number of the Engineering Experiment Station bulletin or circular
which should be used in referring to these publications.
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AN INVESTIGATION OF THE FATIGUE OF METALS
SERIES OF 1925
I. INTRODUCTION
1. Previous Work of Investigation.-The investigation whose
progress is recorded in this bulletin was organized, in 1919, and has
been carried on at the University of Illinois in co6peration with the
National Research Council, the Engineering Foundation, and several
manufacturing firms. Previous reports of the progress of the investiga-
tion are given in Bulletins 124, 136, and 142 of the Engineering Experi-
ment Station of the University of Illinois, and in Publications 4, 6,
and 8, issued by the Engineering Foundation. Special reference is
made to these bulletins for general descriptions of testing methods and
apparatus. In this bulletin there are described only those methods
and types of apparatus which have not been described in any previous
bulletin.
2. Advisory Committee and Changes in Test Party.-The National
Research Council committee on Fatigue Phenomena in Metals has
been continued as an advisory committee for the investigation. The
present membership of that committee is as follows:
0. H. Basquin, Professor of Applied Mechanics, Northwestern
University;
F. P. Gilligan, Secretary-Treasurer, Henry Souther Engineering
Company;
Zay Jeffries, Consulting Metallurgist, Aluminum Company of
America;
T. R. Lawson, Professor of Rational and Applied Mechanics,
Rensselaer Polytechnic Institute;
J. A. Mathews, President, Crucible Steel Company of America;
John H. Nelson, Chief Metallurgist, Wyman-Gordon Company;
W. E. Ruder, Metallurgist, Research Laboratory, General Elec-
tric Company;
H. L. Whittemore, Chief Engineering Mechanics Section, Mechan-
ics and Sound Division, U. S. Bureau of Standards;
Leonard Waldo, Consulting Engineer;
W. H. Bassett, Technical Superintendent, American Brass Com-
pany;
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W. B. Price, Chief Chemist, Scovill Manufacturing Company;
W. Reuben Webster, Vice-president, Bridgeport Brass Company;
H. Clyde Snook, Staff Engineer, Research Division, Western Elec-
tric Company;
R. R. Moore, Chief Physical Testing Branch, Engineering Di-
vision, U. S. Air Service, McCook Field;
H. F. Moore, Research Professor of Engineering Materials, Uni-
versity of Illinois, Chairman.
Since the publication of Bulletin 142, Mr. C. L. Erickson has left
the staff of the investigation to accept a position in commercial engi-
neering practice, and Mr. Julius Muller has been appointed test assist-
ant in his place.
3. Acknowledgments.-The work of the investigation has been
supported by the contributions of the firms whose names were given
in Bulletin 142, namely, THE ALLIS-CHALMERS MANUFACTURING COM-
PANY, THE COPPER AND BRASS RESEARCH ASSOCIATION, THE GENERAL
ELECTRIC COMPANY, and the WESTERN ELECTRIC COMPANY.
Acknowledgment is made of the services of MR. JULIUS MULLER,
a senior student in Mechanical Engineering at the University of Illi-
nois. Mr. Muller has served the investigation as a student helper for
two years. He has become a skilled laboratory assistant, and in addi-
tion to his routine work has taken as his graduating thesis a study of
the fatigue strength of case-carburized steel. Chapter V is largely
based on his test data and conclusions.
Acknowledgment is also made to DR. D. J. MCADAM, JR., and the
AMERICAN SOCIETY FOR STEEL TREATING for permission to use the re-
sults of Dr. McAdam's tests made at the U. S. Naval Engineering
Experiment Station at Annapolis, Maryland, and to MR. R. R. MOORE
and the AMERICAN SOCIETY FOR TESTING MATERIALS for permission to
use the results of Mr. Moore's tests at the Laboratories of the U. S.
Air Service at McCook Field, Dayton, Ohio.
The investigation has been carried on as a part of the work of the
Engineering Experiment Station of the University of Illinois, and has
been under the general administrative direction of DEAN M. S.
KETCHUM, Director of the Station, and of PROFESSOR A. N. TALBOT,
Head of the Department of Theoretical and Applied Mechanics.
4. Content of Bulletin.-This bulletin is a summary of the work
of the Investigation of the Fatigue of Metals since the completion of
the work recorded in Bulletin 142. This present bulletin deals with
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the following somewhat loosely related subjects: (1) Fatigue Strength
and Static Strength of Steel at Elevated Temperatures, (2) The Effect
on Fatigue Strength of Stress-intensification at a Small Hole, (3) Mag-
netic Analysis as a Test for Fatigue Strength of Steel, (4) Fatigue
Strength of Non-ferrous Metals, (5) Fatigue Strength of Case-carbur-
ized Steel, (6) Testing Machines for Repeated Stress, and (7) Miscel-
laneous Test Results for Metals.
II. FATIGUE STRENGTH AND STATIC STRENGTH OF STEEL
AT ELEVATED TEMPERATURES
5. General Discussion.-The use of metals at elevated tempera-
tures has become widespread among users and builders of certain
types of machinery, especially steam engines and turbines and internal
combustion engines. The temperatures used, particularly in steam
engines and turbines, have been steadily increased during recent years.
Certain metallic parts in steam engines, steam turbines, and internal
combustion engines are now subjected to long-continued temperatures
which range as high as 800 deg. F. Some of these metallic parts are
subjected to long-continued steady loads, and others to repeated load-
ing, and in many cases to cycles of reversed loading.
A considerable amount of investigation of the static strength of
metals at elevated temperatures has been carried on by means of the
ordinary tension test, which is a relatively short-time test, lasting a
few minutes. Very little is known of the behavior of metals at ele-
vated temperatures under steady loads lasting for hours or days, or
under repeated or reversed loading, although Lea* has done note-
worthy pioneer work in this field. The evaluating of metals in respect
to their stress-resisting properties at elevated temperatures up to the
present time has been almost entirely an experimental problem, and
the carrying out of such experiments requires great care and much
time.
Metals which at ordinary atmospheric temperatures are crystal-
line and, within certain limits, act as elastic materials, at elevated
temperatures seem to lose their crystalline characteristics in part and
to begin to exhibit some characteristics of amorphous plastic materials.
*Lea, F. C., "The Effect of Low and High Temperatures on Materials," (British) Inst. M. E.,
Dec. 5, 1924.
ILLINOIS ENGINEERING EXPERIMENT STATION
The moduli of elasticity in tension and in shear,* which at ordi-
nary temperatures are constants, at certain elevated temperatures
vary with the rate at which increments of load are applied. This sug-
gests that the rate at which the load is applied may have considerable
influence on both the strength and the elastic properties of the metal.
It seems probable that the rate of applying load may affect the fatigue
properties of the metal as well as the static properties, and that the
speed of the fatigue testing machine may influence the value of the
endurance limits found at elevated temperatures more than is the
case at ordinary temperatures, speeds of the testing machine up to
5000 r.p.m. apparently having very little effect on the endurance limit.t
The effect of plastic action or "creep" appears in static tests at
elevated temperatures and in making some static tests an increment
of load was not added until the strain had ceased to increase appre-
ciably under any given load. Under these conditions static tests for
ultimate strength of metals at elevated temperatures take from 12 to
72 hours for completion, but such tests seem necessary if it is desired
to obtain applicable values for the strength of a metallic part which
is to carry long-continued steady loads at elevated temperatures. Such
a test is called a "prolonged and retarded test" in this bulletin. At
ordinary temperatures wrought ferrous metals show physical proper-
ties that are practically identical under ordinary static tests and under
prolonged and retarded tests. Static tests and fatigue tests of metals
at elevated temperatures are not so easily made as are tests at ordinary
temperatures, nor are they so expeditiously carried out.
6. Apparatus and Specimens for Tests at Elevated Temperatures.
-The apparatus for static tests at elevated temperatures is shown in
diagram in Fig. 1. It consists of a testing machine with a small elec-
tric furnace introduced between the heads. The temperature measure-
ments are obtained by the use of a calibrated thermocouple introduced
at A. The leads from the couple extend to a potentiometer not shown
in the diagram. The ends of the furnace are closed as tightly as is
feasible in order to cut down heat leakage. The extensometer used is
not shown in Fig. 1, but extends around the specimen from B' to B",
and measures the change of length of the gripping shackles in addition
to that of the specimen. This arrangement would not be allowable if
the determination of modulus of elasticity were attempted, but does
*Physicists use the term "modulus of rigidity" in place of "modulus of elasticity in shear."
tUniv. of Ill. Eng. Exp. Sta., Bul. 136, p. 58.
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FIG. 1. APPARATUS FOR STATIC TENSION TESTS AT ELEVATED TEMPERATURES
not invalidate the determination of proportional elastic limit from the
stress-strain diagram. It also allows the removal of the extensometer
without disturbing the specimen, so that the load may be carried to
the ultimate without the necessity of cooling, removing, replacing, and
reheating the specimen. This method of testing has been used by sev-
eral other experimenters in making tests at elevated temperatures.*
The machine for making fatigue tests of metals at elevated tem-
peratures is shown in diagram in Fig. 2. It consists of a rotating-
spring type of testing machine similar to that described in Appendix A,
Bulletin 136, with the addition of an electric furnace with a thermo-
couple at N as shown in Fig. 2. This thermocouple touches the speci-
men at the smallest cross-section and at a point of maximum unit-
stress, so that the temperature of the most highly stressed metal is
known. The thermocouple is attached to and controls the action of a
Leeds and Northrup recorder-controller No. 8571, which was adjusted
to hold the temperature of the specimen within ± 10 deg. F. of any
*"Symposium on Effect of Temperature upon Properties of Metals," Proc. A.S.T.M., Vol. 24,
Part II, p. 9 (1924).
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desired value within the range of the apparatus (0-1800 deg. F.).
Each fatigue testing machine used was operated continuously day and
night until a specimen broke. The breaking of the specimen tripped
a switch D which shut off both the motor and the heating current. A
continuous record of the temperature was kept throughout a test in
order to detect any period when the motor and heating current was
shut off at the power house. If the record showed that a specimen was
cooled off during a test by the shutting off of power for a considerable
interval of time the data of the test were discarded.
The form of specimen used for static tension tests at elevated
temperatures is shown in Fig. 3, and that used for fatigue tests at
elevated temperatures in Fig. 4.
FIG. 3. SPECIMEN FOR STATIC TENSION TESTS AT ELEVATED TEMPERATURES
FIG. 4. SPECIMEN FOR FATIGUE TESTS AT ELEVATED TEMPERATURES
7. Test Data and Results.-The results of the static tension tests
are shown in Table 2 and in Figs. 5 to 8 inclusive. It will be noted
that for a ductile normalized steel (Fig. 5) the ultimate tensile strength
is greater at 600 deg. F. than at ordinary temperatures. There is a
distinct upward "hump" to the strength-temperature curve. For the
steels with higher carbon content this hump at 600 to 800 deg. F.
is not so pronounced. It will also be noted that the one quenched
high-carbon steel tested does not show a higher ultimate strength at
600-800 deg. F. than it does at ordinary temperatures. Figures 5 and 6
show the two extreme conditions of variation of static properties ob-
served during the static tests. Figures 5 to 7 inclusive show values for
the structural and machine steels tested. For all these steels there
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TABLE 1
DATA OF REVERSED-FLEXURE TESTS OF METALS AT ELEVATED TEMPERATURES
All tests except certain tests of Cyclops metal at 70° F. were made on rotating-spring testing
machines, see Fig. 2.
Temperature Computed Number of
Specimen degrees Unit-stress Cycles for
Fahr. lb. per sq. in. Rupture
No. 2. Cyclops Metal, annealed.
No. 10. 0.49 Carbon Steel, normalized.
10 Y 22 75 43 500 190 100
10 Z 44 D 43 500 238 400
10 Y 44 43 500 285 600
10 AA 67 42 000 255 600
10 AA 69 41 000 1 720 700
10 BB 34 40 300 1 317 600
10 Z 132 B 38 200 1 101 500
10 BB 80 37 900 4 890 400
10 BB 136 38 000 1 287 000
10 BB 102 37 000 2 725 500
10 Z 1650 36 600 4 931 100
10 BB 114 36 000 9 815 100
10 Z 88 D 35 600 18 499 000t
Endurance Limit 36 000
10 AA 66 D 550 50 300 248 900
10 W 132 43 300 2 062 000
10 AA 66 D 39 000 12 293 000t
10 AA 0 38 600 2 493 800
10 W 132 37 700 24 174 100t
Endurance Limit 39 000
10 W 11 800 45 000 4 534 100
10 W 110 44 000 11 301 900f
10 V 174 40 800 15 389 500t
10 W 88 40 000 14 727 600t
10 X 165 31 500 26 821 300t
Endurance Limit 44 000
*Tested on rotating-beam machine.
tSpecimen did not fail.
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TABLE 1 (CONTINUED)
Temperature Computed Number of
Specimen degrees Unit-stress Cycles for
Fahr. lb. per sq. in. Rupture
No. 10. 0.49 Carbon Steel, normalized. (Continued)
10 X 77 875 49 000 263 700
10 BB 67 45 400 173 000
10 BB 91 44 000 9 022 400
10 AA 125 43 000 868 900
10 BB 67 40 700 10 637 500*
Endurance Limit 42 000
10 X 44 1000 89 800 132 400
10 W 77 36 500 3 992 200
10 AA 147 35 000 455 400
10 X 110 34 000 12 505 200*
Endurance Limit 34 000
10 W 11 D 1150 25 100 3 163 500
10 X 165 24 800 2 767 500
10 X 165 24 200 10 624 100*
10 W 11 D 22 300 15 376 200*
10 W 11 D 20 200 10 949 700*
Endurance Limit 24 000
(above Ultimate Tensile Strength
for long-time tests)
No. 11. 1.02 Carbon, treatment "A."
11 C 22
11 B 165
11 B 187
11 E 99
11 A 99
11 C 99
11 E 77
11 C 121
11 B 187
11 A 99
11 D 110
11 A 44
11 B 33
11 A 143
11 D 110
11 C 154
11 C 33
11 A 176
11 A 11
11 C 154
11 B 66
11 A 121
11 C 11
11 B 77
11 B 88
11 B 55
11 D 85
11 B 55
11 B 55
*Specimen did not fail.
116 500
115 000
110 000
105 200
105 100
105 000
103 800
102 800
100 000
95 200
Endurance Limit 105 000
112 000
102 500
97 500
96 500
95 600
Endurance Limit 97 000
111 600
90 000
87 800
86 500
85 100
Endurance Limit 80 000
115 000
105 000
95 000
87 000
80 200
79 800
78 100
75 300
70 100
Endurance Limit 75 000
96 400
57 700
114 000
6 861 600*
6 488 500*
9 648 600
6 715 900*
439 300
4 708 700*
6 300 000*
45 400
96 900
294 500
14 488 500*
12 750 900*
60 800
1 441 400
585 500
5 384 100
10 678 600*
41 600
116 600
209 400
339 000
714 300
476 600
9 081 700
10 630 300*
10 012 000*
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TABLE 1 (CONTINUED)
Temperature Computed Number of
Specimen degrees Unit-stress Cycles for
Fahr. lb. per sq. in. Rupture
No. 11. 1.02 Carbon, treatment "A." (Continued)
11 B 143 1050 65 000 4 736 000
11 A 143 60 000 5 832 600
11 B 107 57 000 2 631 700
11 B 176 55 000 4 979 700
11 D 74 54 200 12 408 800*
11 B 143 46 500 8 707 700*
11 B 143 40 000 8 503 600*
Endurance Limit 54 000
No. 13 S. A. E. 2340 Steel, treatment "C."
75
460
650
875
1000
85 000
78 300
76 000
76 000
70 300
Endurance Limit 76 000
93 000
88 600
84 800
83 800
82 000
80 000
79 000
73 000
Endurance Limit 82 000
104 500
80 000
77 000
75 500
75 000
65 700
Endurance Limit 75 000
80 000
75 400
73 700
70 000
68 000
66 000
Endurance Limit 68 000
60 200
57 000
245 800
8 787 700
14 494 300
19 168 900*
10 638 700*
85 100
264 400
14 608 300*
81 500
13 489 200*
11 201 700*
17 605 000*
21 961 500*
16 500
4 336 900
2 358 000
19 357 900
7 953 600
14 626 700*
2 658 200
8 180 700
5 176 200
4 232 200
13 000 000*
10 643 900*
472 200
16 594 000*
No. 13 S. A. E. 2340 Steel, treatment "E."
13 D 132 75 82 700 15 50013 D 33 81 800 277 400
13 D 44 81 200 273 900
13 D 79 500 100 80013 C 88 78 500 1 727 80013 D 121 75 000 4 804 20013 D 44 73 000 12 134 900*
Endurance Limit 74 000
*SpecimeD did not fail.
13 B 0
13 A 143
13 A 132
13 A 110
13 B 0
13 A 99
13 B 110
13 A 33
13 B 11
13 B 44
13 A 11
13 A 77
13 A 11
13 A 66
13 B 33
13 A 44
13 A 88
13 A 176
13 A 176
13 A 55
13 B 88
13 B 132
13 B 99
13 A 165
13 A 22
13 A 11
13 A 33
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TABLE 1 (CONCLUDED)
Temperature Computed Number of
Specimen degrees Unit-stress Cycles for
Fahr. lb. per sq. in. Rupture
No. 13 S. A. E. 2340 Steel, treatment "E." (Continued)
460
650
875
1000
85 000
84 600
80 000
76 800
74 400
Endurance Limit 75 000
79 800
78 000
75 700
69 800
69 000
65 000
62 000
Endurance Limit 67 000
83 500
79 800
75 800
72 200
70 000
62 000
62 000
61 800
Endurance Limit 62 000
60 000
57 800
56 400
55 000
55 000
Endurance Limit 55 000
41 500
45 600
322 100
942 000
19 529 400*
50 800
891 700
189 000
235 600
1 030 900
14 006 400*
11 061 500*
8 300
17 200
33 900
6 358 100
109 200
6 727 900
10 08S4 900*
10 368 300*
15 600
4 873 000
108 400
6 305 000
14 376 200*
*Specimen did not fail.
is a large drop in strength values for temperatures above about 1000
deg. F. Figures 5, 7, and 8 show values for metals containing large
amounts of nickel and also the effect of this ingredient on the static
strength at elevated temperatures of the high-nickel metals tested.
Table 1 gives the data for the fatigue tests at elevated temperatures.
The endurance limits may be determined by direct inspection of the
tables. The fatigue test results so far obtained are given in Figs. 5 to
7 inclusive. It will be noted that in some instances the endurance
limits are found to be above the proportional elastic limits for the
metal and not far below the static ultimate tensile strength as given
by a prolonged and retarded test. A suggested explanation for such
values is the fact that the speed at which the fatigue tests were run
(1500 r.p.m.) corresponds to a much more rapid loading and unload-
13 C 11
13 D 0
13 B 143
13 D 22
13 C 77
13 C 154
13 C 33
13 C 55
13 D 110
13 C 132
13 C 77
13 B 176
13 C 66
13 C 0
13 C 121
13 C 143
13 B 154
13 B 176
13 C 22
13 C 66
13 C 99
13 C 110
13 D 55
13 C 44
13 D 66
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TABLE 2
RESULTS OF STATIC TESTS AND OF FATIGUE TESTS ON METALS AT ELEVATED
TEMPERATURES
Static Tension Tests Fatigue Tests
Ultimate Elongation Reduction
Tensile Strength in 2 inches of Area
Propor- Endurance
Temper tional Pro- Pro- Pro- Temper- Limit
ature Elastic Ordi- longed Ordi- longed Ordi- longed ature (rotating-
degrees Limit* nary and Re- nary and Re- nary and Re- degrees beam 
test
Fahr. Test tarded Test tarded Test tarded * Fahr 1500 r.p.m.)Test Test Test lb. per sq. in.
lb. per sq. in. per cent
No. 2, Cyclops Metal, annealed.
70 45 200 112 500 ...... ..... .... 52 .. 70 56 000
400 45 600 102 000 101 000 21.0 .... 48 .. 500 52 000
600 42800 99 900 99 600 20.2 .... 43 .. 875 46 000
700 41 800 99 000 101 000 20.0 .... 36 .. 1100 37 000
800 41 400 97 100 97 700 19.5 .... 38 .. 1200 35 000
900 40 100 90 800 88 200 20.0 .... 40 .. 1300 Jless than
1000 39 000 85 500 82 000 19.8 .... 44 .. 30 000
1100 35 500 80 000 66 200 19.7 .... 44
1200 35 800 74 600 51 900 19.3 .... 48
1250 26 200 65 400 46 300 18.5 .... 49
No. 10, 0.49 Carbon Steel, normalized.
70 44 700 91 500 ...... 26.5 .... 40 .. 70 36 000
330 42 800 ...... 93 500 13.3 .... 40 .. 550 39 000
400 42 000 97 000 ...... 12.0 .... 32 .. 800 44 000
500 41 500 120 000 ...... 8.5 .... 16 .. 875 42 000
520 37 200 ...... 107 600 7.8 .... 17 .. 1000 34 000
600 37 500 128 000 110 700 13.5 .... 20 .. 1150 24 000
700 32 000 116 000 ...... 19.0 .... 34
715 37 200 ...... 93 500 22.5 .... 42
800 31 200 84 900 78 800 24.0 .... 60
875 26 400 ...... 59 000 26.0 .... 72
900 23 300 65 400 ...... 23.3 .... 74
1000 23 600 59 700 35 200 19.0 .... 72
1100 17 100 57 300 24 200 27.0 .... 78
1230 8 200 31 000 16 400 28.3 .... 84
No. 11, 1.02 Carbon Steel, treatment "A."
70 109 000 200 400 ...... 9.3 .... 22 70 105 000
400 105000 189 000 188 000 8.3 .... 47 .. 585 86 000
600 88 500 178 500 144 000 9.8 .... 58 .. 800 80 000
700 72 000 167 300 98000 16.0 .... 69 .. 900 75000
800 74 500 154 100 89 000 13.0 .... 72 .. 1050 62 000
900 60000 101 000 82 400 17.0 .... 78 .. 1200 less than
1000 44 500 81 000 53700 17.3 .... 77 .. (30000
1100 32 300 69 500 39 700 21.4 .... 78
1200 12 600 31 400 24 200 27.6 .... 78
1250 6 000 20 100 10 000 29.5 .... 80
*Average of results from ordinary tests and prolonged and retarded tests.
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TABLE 2 (CONCLUDED)
Static Tension Tests Fatigue Tests
Ultimate Elongation Reduction
Tensile Strength in 2 inches of Area
Propor- Endurance
Temper tional Pro- Pro- Pro- Temper- Limit
ature Elastic Ordi- longed Ordi- longed Ordi- longed ature (rotatmg-
degreesLimit* nary and Re- nary and Re- nary and Re- degrees beam testr..m.)
degres Test tarded Test tarded Test tarded Fahr. 100 r.p.m.)
Test Test Test lb. per sq. in.
lb. per sq. in. per cent
No. 13, S. A. E. Steel 2340, treatment "C."
70 136 300 164 900 ...... 10.8 .... 58 .. 70 76 000
400 119 000 163 700 ...... 9.0 .... 57 .. 460 82 000
600 108 500 157 100 148 500 10.0 .... 50 .. 650 69 000
700 92 500 159 600 131 300 17.5 .... 74 .. 875 68000
800 81 300 163 500 97 200 14.8 .... 76 .. 1150 (less than
900 68 800 117 000 88 100 17.2 .... 82 .. 130 000
1000 39 800 99 200 60 100 20.8 .... 81
1100 19 800 52 900 26 800 21.3 .... 88
1230 7 800 17 900 14 100 37.5 .... 93
No. 13, S. A. E. Steel 2340, treatment "E."
70 103 700 125 100 ...... 14.8 .... 63 .. 70 74 000
400 85 500 110 500 119 000 11.8 .... 57 .. 460 75000
600 84 000 113 900 121 000 14.5 .... 44 .. 650 65 000
700 76 300 119 500 114 500 17.0 .... 45 875 62 000
800 71 000 113 000 93 400 18.0 .... 64 .. 1000 55 000
900 56 000 92 200 70 300 20.5 .... 75
1000 42 200 80 700 45 600 21.2 .... 79
1100 23 700 52 500 32 200 24.0 .... 86
1200 8 300 37 400 17 600 26.8 .... 89
1250 4 500 25 400 13 900 30.8 .... 91
No. 106, Nickel, annealed.
70 11 300 68 700 ...... 45.1 .... 72
400 14 500 69 100 69 100 35.5 35.0 75 74
500 14 100 70 200 70 400 38.5 32.0 75 72
600 14 200 68 900 76 500t 35.0 36.5 72 68
700 12 900 67 600 64 700 34.5 32.5 70 70
800 12 900 67 800 59 500 41.0 35.5 72 70
900 14 200 56 000 51 200 38.0 40.5 74 73
1000 11 700 47 400 40 103 43.0 43.8 78 69
1100 9 800 43 900 28 400 48.0 43.0 78 61
1200 8 300 38 400 21 000 42.5 35.5 76 54
No. 111, Monel Metal, hot-rolled.
70 49 600 89 800 ...... 40.4 .... 69
400 50 000 83 500 79 500 21.5 18.0 71 71
600 49 500 80 400 81 200 17.5 21.0 69 69
700 49 400 79 500 79 500 19.0 21.5 68 67
800 49 500 77 100 77 200 18.0 25.0 61 52
900 47 300 72 800 62 000 18.0 12.5 64 30
1000 44 300 69 500 53 300 20.0 13.5 56 40
1100 40 000 62 700 49 000 20.5 17.5 47 39
1200 31 200 53 600 38 100 17.0 12.0 36 24
1250 29 000 49 600 35 600 16.5 10.0 38 20
*Average of results from ordinary tests and prolonged and retarded tests.
tNot plotted in Fig. 10.
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ing than is possible in a static test, and since in static tests at elevated
temperatures the speed of testing has been observed to have a marked.
effect on the ultimate strength, high speed of testing in a fatigue test
at elevated temperatures may have a marked effect on the endurance
limit. The desirability of making fatigue tests of these same metals
at reduced speeds is evident, and such tests are planned for the near
future.
It should, of course, be noted that in connection with fatigue tests
which show values of endurance limit above the proportional
elastic limit of the metal there is raised the question of the difference
between actual unit-stress and computed unit-stress. However, it is
probable that the effect of repeated stressing is to raise somewhat the
proportional elastic limit of the virgin metal, as was found to be the
case for steel specimens tested at ordinary temperatures.*
8. Discussion of Test Results.-For two of the metals tested
(Steel No. 10, 0.49 carbon, normalized, and steel No. 13, S. A. E. Steel
2340, treatment C) the endurance limit increased slightly as the
temperatures during the test increased up to 900 deg. F. for the
0.49 carbon steel and 500 deg. F. for the S. A. E. 2340 steel. For the
other steels tested the endurance limit diminished slightly from
its value for ordinary temperatures up to temperatures rang-
ing from 800 to 900 deg. F. For all the steels tested at temper-
atures above 900 deg. F. the fatigue strength fell off rapidly with
increasing temperature, and the test results became less uniform. Again
it should be noted that all fatigue tests were run at 1500 r.p.m., and
that the values for endurance limit at elevated temperatures may be
different at slower speeds of testing.
An examination of Figs. 5 to 8 inclusive shows that up to the
highest temperature imposed on the test specimens an increase in static
strength is accompanied by a decrease in ductility as shown by elong-
ation and reduction of area.
At temperatures varying for different metals from 400 deg. F. to
800 deg. F. there becomes evident a difference between the values for
ultimate tensile strength given by the ordinary tension tests and the
values given by the prolonged and retarded tension tests. Tests by
Lea show similar results.t Below 400 deg. F. no well-marked differ-
*Univ. of Ill. Eng. Exp. Sta., Bul. No. 142, p. 28.
tLea, F. C., "The Effect of Low and High Temperatures on Materials," (British) Inst. M. E., Dec. 5,
1924.
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ence in test results can be detected between ordinary tests and pro-
longed and retarded tests. The difference between static strength
under prolonged and retarded tests and under ordinary tests seems to
be due to a gradual "creeping" stretch which is not evident at low
temperatures, and which at room temperature does not have time to
develop in ordinary tests. It is to be noted that of the metals tested
those containing large amounts of nickel as an alloying ingredient
r-
A0/»I
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Testing Temperature 1in deg. E
FIG. 8. RESULTS OF TESTS AT ELEVATED TEMPERATURES; MONEL METAL
(pure nickel, monel metal, and cyclops metal) show least evidence of
this creeping action. This is shown by the relatively high temperature
at which the ultimate strength in prolonged and retarded tests became
appreciably less than the ultimate strength in ordinary tests. It is
also shown by the relatively high static ultimate tensile strength of
these metals at temperatures up to 1200 deg. F.
At high temperatures (about 1000 deg. F.) the endurance limit as
given by tests at 1500 cycles per minute approached, and in at least
one case exceeded, the ultimate tensile strength given by a prolonged
and retarded static test. Such a value for endurance limit cannot be
used as a criterion of strength, and a much lower value might be found
for fatigue tests at slower speeds.
9. Plans for Further Tests.-Fatigue tests at elevated tempera-
tures on monel metal and on pure nickel have been delayed pending
the establishment of methods for determining endurance limits of
non-ferrous metals at ordinary atmospheric temperatures (see p. 54).
Such tests are planned for the immediate future.
FA- Ordia/ry 7Tes/
B- Pro/ongedt aG'
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It is evident that the creeping action developed in metals at ele-
vated temperatures demands much more experimental study, and it is
hoped that this subject can be taken up in the near future.
For the prolonged and retarded static tests here reported the test
period ranged from 12 to 72 hours. Some tests covering a much longer
period should be made to see whether the creeping action had stopped
at the end of the test period or whether it was still going on at a much
reduced rate.
All the fatigue tests at elevated temperatures were run at 1500
r.p.m. Tests at a lower speed are planned for the near future to deter-
mine whether the creeping action at elevated temperatures has an effect
on fatigue strength similar to the effect on static strength.
III. EFFECT ON FATIGUE STRENGTH OF STRESS INTENSIFICATION
AT A SMALL HOLE-CORRELATION BETWEEN THEORY
AND EXPERIMENT
10. General Discussion.-The purpose of the study reported in
this chapter was to find a correlation between the local stress intensi-
fication at a small hole as given by the mathematical theory of elas-
ticity* and the corresponding change in fatigue strength as shown by
fatigue tests of specimens. The theory of elasticity presumes an iso-
tropic elastic material and in its simple application considers only that
portion of the stress-strain phenomena of the material in which the
stress is proportional to the strain. Steel, however, is not an isotropic
material, and when the extremely localized character of the fracture
in fatigue is considered cannot be presumed even from a statistical
viewpoint to act as an isotropic material. For most wrought ferrous
metals the fatigue or endurance limit stress is below the static pro-
portional elastic limit stress, and this fact suggests a means for testing
the applicability of the elastic theory to fatigue in this particular case.
In static testing the fracture of ferrous metals is accompanied by a
considerable deformation of the piece at the point of fracture. In
fatigue testing this deformation at the point of fracture, even in the
most ductile steels, is negligible, and the authors have been unable to
discover at the point where fracture starts any deformation which can
be said to be attributable to fatigue. The importance of this question
*The mathematical determination of the stress intensification at a hole was made in 1909 by Kolos-
off, but his work is published only in his thesis at St. Petersburg. C. E. Inglis has given an elaborate
mathematical solution in the Proceedings of the (British) Inst. of Naval Architects, March 4, 1913.
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lies in the fact that it bears directly on the utilization of wrought fer-
rous metals for stress carrying purposes. In Bulletin 124 considerable
data were presented to show the effect of a 90-deg. V notch, square
shoulders, and various radii in reducing the endurance limit for test
specimens of steel as compared with that of specimens without
such abrupt changes of shape. These data indicated that the abrupt-
ness of changes of shape was not as disastrous as the theory of elas-
ticity would lead one to expect.
Griffith* has presented some very interesting data which show
that if a material is sufficiently reduced by careful drawing the ulti-
mate tensile strength will be many times what it is found to be if the
specimen is machined to size from a large piece. This suggests that
as the material is drawn out it will develop more nearly the theoretical
strength values as computed from the cohesion of the interatomic
bonds holding the material together. This leads to the further sugges-
tion that the strength of any crystalline material as used in a structure
or machine has inherently associated with it the size and shape of the
piece, the ductility and hardness factors, and the size and physical
treatment of the grains which make it up. If this suggestion has any
basis, it should be noted that most of these factors are variable, and
are more or less independent of each other for different materials. The
theory of elasticity considers only one of these variables, namely, the
size and shape of the piece, or, as it might be called, the relative shape
of the piece. With regard to the question of strength there are other
important factors which have little to do with the material except as
they affect the other factors, and these are the violence of the method
used in applying the load and the rate of stress transmission.
The static strength of a piece of metal may be said to depend on
the combined mass effect of a large number of particles all co6perating
to contribute to the load-carrying capacity of the material. The fatigue
strength of a piece of metal, on the other hand, may be said to depend
largely on the individual strength of the crystals of the metal which
are located at the point of maximum stress.
It is known that the crystals of a wrought ferrous metal have
various chemical compositions and react to heat treatment in such a
way as to produce different strength values in different crystals. In
fatigue, therefore, since the individual crystal is largely the controlling
factor, and since the mass effect is largely absent, the effect of repeated
*Griffith, A. A., "The Phenomenon of Rupture and Flow in Solids," Phil. Trans. Series A, Vol.
221 pp. 163-188.
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stress is controlled more by the strength of the weakest crystal in a
region of high unit-stress than by anything else. The specimens
selected on which to test experimentally the correlation of elastic
theory with experimental results on fatigue strength were made flat
and thin (see Fig. 9). Test results obtained with these specimens
were used in comparison with the results obtained from tests per-
formed on rotating-beam specimens, which were regarded as basic.
One set of flat specimens was made plain (see Fig. 9a) and in the
(a) (b)
FIG. 9. SPECIMEN FOR FATIGUE TESTS OF THIN SHEET METAL
other set each specimen had a small hole drilled through the center
(see Fig. 9b). Specimens were made of various steels. It was judged
that if the size and shape of each set of specimens were kept constant
and specimens of several different steels were used, for the results given
by the elastic theory to show agreement with the results of fatigue
tests the ratio between the endurance limit obtained from the speci-
mens without holes and that obtained from the specimens with holes
should be a constant, or very nearly so, for all the steels tested.
Especially should this be expected when it is understood that such
endurance limits, almost without exception, are found at stresses well
below the proportional elastic limits of the materials considered. It
was also thought that, when results of tests on the two sets of speci-
mens were compared with results of basic (rotating-beam) tests, this
comparison should also give a constant ratio for the different steels
tested, and this ratio should represent the stress intensification due to
the variation of shape. According to the elastic theory, for a very
small hole in the center of a thin plate of finite width stressed in one
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direction at right angles to the axis of the hole, the maximum value
of stress at the edge of the hole is very nearly three times the average
stress over the whole cross-section, provided the diameter of the hole
is less than one-sixth the width of the specimen. With these limita-
tions the error is less than one per cent.* In the analysis of maximum
stresses around a hole according to the theory of elasticity, P is
assumed to be the average stress over the cross-section without con-
sidering the hole as metal removed, and Pmax the maximum stress
found at the edge of the hole. Then for a size of hole less than one-
sixth the width of the plate max = 3. Professor Cokert has shownP
experimentally, by the use of polarized light and a nearly isotropic
elastic transparent material (celluloid), that the static stresses in such a
material within its elastic range are very close to those indicated by
the theory of elasticity. It is a very important question whether wrought
ferrous metals, which are crystalline and therefore not strictly iso-
tropic, follow the same laws in fatigue as an isotropic material does in
static loading. Sufficient evidence is available to indicate that under
static loading within the elastic range wrought ferrous metals follow, in
general, the elastic theory in so far as stress distribution is concerned.
It is also important from an engineering point of view to discover how
serious are the effects of such discontinuities as small holes and re-
entrant corners of various degrees of sharpness.
11. Apparatus, Specimens, and Test Data.-For the rotating-
beam tests of specimens with holes the Farmer type machine described
in detail on page 20 of Bulletin 124 was used. The specimen used was
the regular Farmer type specimen shown in Fig. 18, Bulletin 124, but
was pierced at its smallest cross-section with a radial hole 0.055 in.
in diameter (No. 54 drill). For tests of flat specimens with holes the
testing machine described on page 73 was used. The flat specimen
used is shown in Fig. 9. Figures 10 to 13 inclusive are S-N diagrams
showing graphically the test data for the fatigue tests of rotating-beam
specimens with holes, of flat specimens with holes, and of flat speci-
mens without holes.
*Timoshenko, S., "On Stresses in a Plate with a Circular Hole," Timoshenko and Dietz, "Stress
Concentrations Produced by Holes and Fillets," Mechanical Engineering, Journal of the Franklin
Institute, April, 1924.
Kirsch, Zeit., Ver. Deutsch. Ing. 1898.
fCoker, E. G., "On Certain of the More Complex Stress Distributions in Engineering Materials,"
British Association Reports, 1921, 1924.
AN INVESTIGATION OF THE FATIGUE OF METALS
N
C.,
K
(I)
'-ii
K
Cr)
70000 45- ^ ^ -- --- - - ^ -
60000
N/Vo. 10, 0.49 Corbo,, Sorbt/'c
50 000 --- : ! <--- - --- - --- -
_____ __ 
No^_ ~. 2, Ct,'/o/os, A>nre~a/'/d40 000 -No. 9, -- vn-
0000 o . 2, Cyd/ops, as Peee/v_ _-
3 000 -7-- -
ANo. 9, 0. 09 Coarbon, as Pec r/
I ,"
In all// Cases Rat/io of 1n/mum to /a'rt1/muM Stress=-/.0
AI _-A ---- A - I I / 0
IV VV-
0 s or R/0r,
Cyc/es for Rupotzlre, (AO)
FIG. 10. S-N DIAGRAMS FOR FATIGUE TESTS OF ROTATING-BEAM FATIGUE
SPECIMENS WITH RADIAL HOLES
12. Test Results and Discussion.-Table 3 gives a summary of
the test results for specimens with holes and also for the correspond-
ing specimens without holes. In computing the unit-stresses for speci-
mens with holes the hole was not considered as material removed;
the reason for neglecting the hole is that the theory of elasticity as
applied to determining stress intensification at the edge of small holes
gives values of stress intensification as compared with the stress com-
puted for the specimen without a hole. This method of analysis tends
to increase rather than to decrease the difference between values ob-
tained for specimens with small holes and for those without holes,
and hence increases the safety factor when the values thus obtained are
used. Of course, for a large hole the weakening effect of removing
metal becomes of importance, and if the hole be large enough overbal-
ances the stress-intensification effect.
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In Table 3 the first column indicates the metals and the heat
treatments. The details of the heat treatments of these metals are
given in Table 18 and values for static strength and for ductility in
Table 19. The second column of Table 3 gives the values of endurance
limit for reversed flexure as given by tests on Farmer type machines.
These values are used in conjunction with those given in the three
succeeding columns in obtaining ratios of various computed values of
endurance limit. The third and fifth columns give, respectively, com-
puted values for endurance limits for rotating-beam tests (Farmer-
type machine) and for apparent* endurance limits of flat specimens
with small holes (see Fig. 9b). The fourth column gives the apparent
endurance limits for flat specimens without holes (see Fig. 9a), in
which stress intensification is present at the 1/s-inch fillet at the most
stressed section. As noted previously the values for apparent endur-
ance limit have been computed by the ordinary formulas of mechanics
of materials without considering the intensification of stress due to
hole or fillet.
The assumptions made in these tests are: (1) At the endurance
limit the actual maximum unit-stress in the specimens with holes and
*Apparent endurance limits are those based on the common flexure formula with no allowance
for stress intensification.
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TABLE 3
RESULTS OF TESTS FOR EFFECT OF A SMALL HOLE ON THE FATIGUE STRENGTH OF
A SPECIMEN
Endurance Limits RatiosSteel lb. per sq. in. per cent
Rotating- Rotating- Flat Flat Col (3) Col (5) Col (4) Col (5)
beam beam Specimen Specimen :
No. Designation (Farmer (Farmer without with Col (2) Col (2) Col (2) Col;(4)
Specimen) Specimen) Hole Hole
(1) (2) with Hole (4) (5) (6) (7) (8) (9) ]i
(3)
1 1.20 carbon
normalized......... 50 000 ...... 40 700 40 000 .... 80.0 81.5 98.3
2 Cyclops metal
as received......... 55 000 33 600 ............ 61.1 ........
annealed........... 55 000 36 000 ............ 65.5 ....
3 0.52 carbon
normalized......... 42 000 ...... 34 000 32 000 .... 76.1 81.0 94.1
troostitic........... 70 000 36 000 ...... ...... 51.5 .... .... ....
4 0.37 carbon
normalized......... 33 000 ...... 32 000 27 000 .... 81.8 97.0 84.4
5 Chrome-nickel
treatment "A"..... 68 000 ...... 54 000 50 000 .... 73.6 79.4 92.6
treatment "B"... 65 000 ...... 44 000 42 500 .... 65.4 67.7 96.6
treatment "C"... 67 000 ...... 46 000 38 000 .... 56.7 68.6 82.6
7 3.5 nickel
treatment "A"..... 64 000 ...... 51 000 49 000 .... 76.5 79.7 96.0
treatment D"... 54 000 ...... 49 000 39 000 .... 72.2 90.7 79.5
9 0.02 carbon (Armeo).. 26 000 13 000 24 000 20 000 50.0 77.0 92.3 83.3
10 0.49 carbon
normalized......... 33 000 ...... 29 000 26 000 .... 78.7 87.9 89.7
sorbitio............ 48 000 26 000 ...... ...... 54.2 . ... . ..
Average.............. 56.5 73.8 82.6 89.7
in the flat specimens without holes is equal to to the endurance-limit
stress obtained in tests of Farmer-type specimens without holes; (2) as
soon as the actual maximum unit-stress rises above the endurance
limit value it is merely a matter of time before the specimen breaks;
and (3) if failure does not occur before 100 000 000 cycles of stress
have been applied it will not occur at all. Fatigue test results ob-
tained over a period of five years have shown that for wrought ferrous
metals assumptions (2) and (3) are sound, and that assumption (1) is
not inconsistent provided that a commercially homogeneous steel is
available from which to make specimens for a basic series of tests.
The seventh column in Table 3 gives the ratio of apparent endur-
ance limit given in the fifth column for flat specimens with holes to
ILLINOIS ENGINEERING EXPERIMENT STATION
that given in the second colunm for rotating-beam specimens without
holes. According to the theory of elasticity this ratio would be 0.333.
The test results, however, give values ranging from 0.567 to 0.818,
indicating that under fatigue loading a small discontinuity is not
nearly so serious in its weakening effect as is indicated by the formulas
of the theory of elasticity. It is to be noted that the weakening effect
of a small hole is, in general, more marked in the alloy steels tested
than in the carbon steels.
The eighth column in Table 3 shows that the ratio between appar-
ent endurance limit for flat specimens with 1/s-inch fillets and that for
rotating-beam specimens without holes varies from 0.677 to 0.970.
Professor Coker has shown that under static load within the elastic
range this ratio should be 0.696.* The test results show a value
approximately equal to this for only two materials, both heat-treated
alloy steels.
It is apparent, therefore, that for the metals tested, even within
the static elastic range, the theory of elasticity does not furnish the
engineer with accurate values for use in designing structures and
machines in which repeated stress at points of highly localized stress
intensification is to play an important part, although the values com-
puted by the use of the theory of elasticity are on the safe side.
IV. MAGNETIC ANALYSIS.AS A TEST FOR FATIGUE
STRENGTH OF STEEL
13. General Principles of Magnetic Analysis for Non-homogene-
ity.-Magnetic testing of steel and the study of the correlation of
results of magnetic tests with mechanical properties has become of
considerable interest to testing engineers during recent years. One of
the most important problems studied is the development of a magnetic
test which would indicate minute defects and non-homogeneities in
steef, such as would be a special source of weakness under repeated
stress. During the period of the war a magnetic test for non-homo-
geneity was devised by Dr. C. W. Burrows, and was used to some
extent by the U. S. Government. Since that time this test or a modifi-
cation of it has been used in an attempt to detect non-homogeneities in
steel rails, rifle barrels, ball bearing races, and steam turbine discs.
The general principle of the apparatus involves making the piece to be
*Coker, E. G., "Photo-elastic Methods of Testing," in report of Committee on Certain of the more
Complex Stress Distributions in Engineering Materials, British Association, 1924. (Toronto meeting.)
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tested a part of a magnetic circuit, and causing relative motion
between the piece and an exploring coil connected to a galvanometer.
So long as there are no non-homogeneities in the steel there is a steady
deflection of the galvanometer, or, if the exploring coil is differentially
wound, the deflection is zero. If the coil moves over a crack, a cold-
worked place in the steel, or an inclusion there is set up an irregular
current in the coil which causes a rather sudden deflection of the gal-
vanometer.*
Constant magnetic properties along the length of a bar of steel,
whose shape and size does not change, indicate a homogeneous mate-
rial free from flaws, inclusions, local overstrains and variable values of
initial strains. Any variation of magnetic properties, as shown by the
magnetic test, indicates that one or more of these factors prevail in the
steel. Certain of these factors exert considerable influence on the
static and fatigue properties of a piece of metal, while others influence
them so slightly as to be practically negligible.
In general, when a magnetic test for homogeneity shows uniform
magnetic qualities along the length of a bar of iron or steel it can be
assumed that the material is homogeneous and free from variations of
internal stresses along its length, the only conceivable exception being
the case of a steel with very uniformly distributed inclusions or other
non-homogeneities. The values of the static and fatigue properties
cannot, however, be obtained by this means, neither can it be assumed
that inconsistent magnetic effects will necessarily show a poor material
for stress-carrying purposes.
14. Magnetic Analysis Applied to Turbine Discs.-The method of
analysis mentioned in the preceding paragraphs is most readily applied
to bars or tubes of metal. A slight modification of it can, however,
be used for testing discs. The disc is rotated while the exploring coil
stands still, and a narrow circumferential element of the disc passes by
the coil. As long as the piece tested is of uniform thickness changes in
deflection may be assumed to be caused by non-homogeneity in the
steel of the disc.t This method has been in use for some years by
makers of steam turbines. Figure 14 shows a radial diagram of gal-
*For a description of this form of apparatus see Proc. A.S.T.M., Vol. XVII, Part II, p. 87 (1917).
"Some Applications of Magnetic Analysis to the Study of Steel Products," by C. W. Burrows; also
Univ. of Ill. Eng. Exp. Sta., Bul. 124, p. 39.
tFor a different method of testing homogeneity of parts which are solids of rotation, with special
reference to ball bearing races, and for recent work in magnetic analysis for non-homogeneity, see
Proc. A.S.T.M. Vol. XIX, Part II, p. 5. "Topical Discussion on Magnetic Analysis," especially
papers by Burrows and Fahy, Dudley, Sanford and Fischer, and Sanford and Kouwenhoven. For an
illustrated description of the apparatus for making magnetic homogeneity tests of turbine discs, see
Iron Age, June 25, 1925, p. 1835.
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vanometer deflections for a circumferential element of a turbine disc.
The part marked "good" is regarded as having satisfactory homo-
geneity as shown by the magnetic test; others parts are marked "fair"
and "poor."
FIG. 14. SAMPLE TEST RECORD FOR MAGNETIC ANALYSIS OF TURBINE DISC
15. Tests of Steel from Various Parts of Turbine Discs.-Speci-
mens cut from parts of turbine discs showing different degrees of
homogeneity under magnetic analysis were submitted to the labora-
tories of the investigation for the determination of static and fatigue
strength. Figure 3 shows the specimen used for static tension tests
and Fig. 15 that used for fatigue strength tests under cycles of reversed
axial stress (tension-compression). The testing machine used for the
fatigue tests is shown in Fig. 5, p. 41, of Bulletin 142. Some of the
specimens (marked "G") were cut from locations where the results of
the magnetic tests showed a good degree of homogeneity; others
(marked "M") were cut from locations showing a fair degree of homo-
geneity; still others (marked "P") were from locations showing a poor
degree of homogeneity. In each location some specimens (marked
"R") were cut with the axis along a radial line of the disc, and others
(marked "T") were cut with the axis tangent to a circumferential line
of the disc.
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FIG. 15. SPECIMEN FOR FATIGUE TESTS UNDER ALTERNATING AXIAL STRESS
(TENSION-COMPRESSION)
From each location in a disc wheel there could be secured only
two tangential and two radial fatigue specimens, and these were so
short as to necessitate the use of tension-compression tests rather than
tests in a rotating-beam machine. It is evident that from so few
specimens it is, at best, possible to give only a rough estimate of the
endurance limit. However, the estimate was made systematically and
the following method used: For any disc wheel the test results for all
specimens which failed under the first applied stress were plotted on a
logarithmic S-N diagram and a straight line fitted by the eye to the
plotted points. The slope of this straight line was then taken as the
standard slope of the S-N diagram for specimens from that wheel disc
and based on general experience in fatigue testing. The assumption
was made that for steel the "knee" of the S-N diagram would come at
2 000 000 cycles of stress. For any given pair of specimens, then, one
of three procedures was followed: (1) If both specimens broke under
the stress first applied a line having the standard slope was drawn
equidistant from each of the two points; the intersection of this line
with the line for 2 000 000 cycles of stress was taken as the endurance
limit. (2) If one specimen broke and the other "ran out" the line of
standard slope was drawn through the point representing the specimen
that broke and was continued till it intersected the line for 2 000 000
cycles of stress. If this point was above the stress on the specimen
which ran out the intersection point was taken as the endurance
limit, if below, the average of the stress at the intersection point and
the stress applied to the specimen which ran out. (3) If both speci-
mens ran out recourse was had to retests under increased stress.
Such retests were made on most specimens which ran out. The endur-
ance limit was estimated from the results of these retests.
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It is evident that such estimation of the endurance limit is very
rough, but it is believed that it will permit the detection of any very
marked difference in fatigue strength between specimens from locations
showing different degrees of homogeneity, and that this difference is
more significant than are the actual values of endurance limit. The
test data of the fatigue tests are given in Table 4. The static tension
tests involved no unusual methods of testing or of interpreting test
results.
16. Test Results and Discussion.-This report covers the results
on specimens from four discs, and since each disc varied in chemical
composition and possibly in forging treatment, the test results have
been worked up on a percentage basis from the mean values for each
disc. Table 5 gives the static and fatigue properties of the specimens
from the discs tested and Table 6 the average variation (positive and
negative) from the mean for each of the static and fatigue properties
enumerated in Table 5. The conclusion to be drawn both from the
static properties and from the fatigue properties is that in nearly every
case the radial specimens show slightly better strength results than the
tangential specimens. It is also apparent that the specimens from
locations showing the minimum magnetic irregularity (the "G" speci-
mens) show strength results which are slightly below those of the "M"
specimens, and that the "P" specimens give the poorest results.
From these results it may be concluded that, in general, fairly
large magnetic disturbances indicate a rather slight decrease in static
strength and a somewhat larger decrease in fatigue strength. This
decrease in strength, however, in both cases is of a magnitude which
could not furnish a reliable basis for rejecting material otherwise satis-
factory. On the other hand, it is conceivable that uniformly dirty
segregated steel would show no more variation of magnetic properties
than sound steel, and yet would, of course, be a very unreliable steel to
use. This statement is based on the early experience of the fatigue
investigation which led to the discarding of the magnetic test as a
basis for selecting specimens of steel for investigational purposes. It
was found that the largest magnetic disturbances were caused by non-
uniform initial stresses, or slight local over-strains, and that smaller
magnetic disturbances were caused by small discontinuities, such as
cracks, small internal inclusions, or a slight change of outside shape of
the specimen. Which of these causes was responsible for a given
magnetic disturbance could not be readily ascertained.
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TABLE 6
VARIATIONS FROM MEAN VALUES FOR SPECIMENS CUT FROM TURBINE Discs
Specimens marked G were from locations showing good uniformity in magnetic properties.
Specimens marked M were from locations showing fair uniformity in magnetic properties.
Specimens marked P were from locations showing poor uniformity in magnetic properties.
Specimens marked R were cut with axis along a radial line of the disc.
Specimens marked T were cut with axis perpendicular to a radial line in the disc.
Average Variation from Mean Value-per cent
Specimens Endurance
Marked Propor- Ultimate „ Brinell Limit
tional Yield Tensile Elongation Reduction Hardness (Reversed
Elastic Point Strength in 2 inches of Area Number Axial
Limit Stress)
GR............. +2.41 +0.93 +0.90 -4.2 -1.4 -0.1 +2.2
GT............. -1.26 +1.31 +0.98 +3.0 +0.2 +2.7 +1.4
MR............ +3.94 +2.42 +1.38 -5.6 -1.0 +2.1 +3.7
MT............ +2.05 +3.88 +1.09 +3.2 +0.5 +2.1 +1.6
PR............. -3.19 -4.51 -2.44 -0.1 +3.0 -4.2 -2.0
PT............. -3.95 -4.03 -2.00 -3.7 -1.3 -2.6 -6.9
In connection with certain fatigue specimens of other materials
which failed at abnormally low loads the magnetic test results for
these specimens were examined, but no general indication of unusual
irregularity could be found in these results. In none of the series of
tests made in the course of this investigation has there been found any
clearly marked correlation between static strength or fatigue strength
on the one hand and the results of tests for magnetic irregularity on
the other.*
V. FATIGUE STRENGTH OF NON-FERROUS METALS
17. Introductory Remarks.-Structural members and machine
parts which are subjected to repeated stress are for the most part made
of steel or iron. The predominance of the ferrous metals in the field
of stress-carrying material is due to the combination of cheapness of
production and high strength both under static loads and under
repeated loads. However, certain non-ferrous metals are of import-
ance in the construction of parts subjected to repeated stress. A few
illustrations follow.
*Since the preparation of the manuscript for this bulletin it has been announced by Mr. R. L.
Sanford in Technical News Bulletin, No. 96 of the U.S. Bureau of Standards that if in a magnetic test
for homogeneity the values of magnetizing force used are increased over the values hitherto generally
used the effect of internal stress in the metal is greatly reduced without a corresponding reduction in
the effect of flaws. This discovery gives promise of increased usefulness for the magnetic test for homo-
geneity of steel.
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Copper and aluminum wires for the transmission of electrical
energy are subjected to reversed flexure as the transmission cables are
swayed to and fro in the wind. Copper and aluminum are used for
such cables on account of their high electric conductivity. Copper-
nickel alloys are useful in repeated-stress members (such as propellers
for ships, steam turbine blades, and bolts below the water line of
vessels) which are subjected to corrosion.
Aluminum and aluminum alloys are used in parts in airplanes
subjected to repeated stress and in connecting rods of internal com-
bustion engines. They are used in these members on account of their
extreme lightness. The alloys of magnesium also seem to be of prom-
ise for such uses.
Brass and bronze are used for stress-carrying members used in
water, such as bolts and nuts, pipes, and light springs.
It is rare that non-ferrous metals are used in parts whose failure
involves a serious disaster, although airplane parts are an exception to
this statement. Turbine blades, which are sometimes made of non-
ferrous metals, may fail without causing a disaster to the turbine. If
a turbine disc fails it will cause a disaster. In the case of transmission
wires for electric power circuits the failure may involve very serious
conditions due to the stopping of the supply of power to a locality, but
it rarely involves a structural disaster.
One reason why non-ferrous metals have not been used more for
parts subjected to repeated stress has been on account of ignorance of
their fatigue-resisting properties. If engineers could be assured of the
fatigue-resisting properties of a non-ferrous metal, its range of useful-
ness would be materially extended.
18. Materials Studied.-In Bulletin 142 and in other published
test results on the fatigue strength of non-ferrous metals it has been
pointed out that fatigue tests of such metals require that tests be
carried to much higher numbers of cycles of stress than is required for
fatigue tests of wrought ferrous metals. Three series of fatigue tests
of non-ferrous metals have been made in which tests were carried well
above 100 million cycles of stress, and the data from these tests are
taken as the experimental basis for the study of the fatigue strength of
non-ferrous metals. These three series of tests are: (1) Tests made
at the U. S. Navy Engineering Experiment Station at Annapolis,
Maryland, by Dr. D. J. McAdam, Jr.;* (2) Tests made at the Lab-
*Transactions, Am. Soc. for Steel Treating, Jan. and Feb., and May, 1925.
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TABLE 8
HEAT TREATMENT AND MECHANICAL TREATMENT OF NON-FERROUS METALS
Metal
No. Designation Heat Treatment and Mechanical Treatment
Tests at U. S. Navy Engineering Experiment Station (Annapolis)
AW 1 Nickel, as received................ Hot rolled by manufacturer
AW 2 Nickel, annealed.................. Hot rolled by manufacturer. Heated to 1400 0 F,
held 60 min.; cooled in furnace.
AA Monel metal, as received.......... Hot rolled by manufacturer
BK Monel metal, as received.......... Cold rolled by manufacturer
BH 1 Monel metal, annealed........... Cold rolled by manufacturer; heated to 1600° F, held
60 min.; cooled in furnace.
BJ Aluminum bronze, as received..... Rolled by manufacturer.
Tests at U. S. Air Service Laboratories (McCook Field, Dayton)
1 (D) Magnesium-aluminum alloy, ex-
truded ....................... Cast in ingots 2 15/16 inch round.
Heated to 350-400* F; extruded to 3/4 inch round
in one operation.
2 (D) Mg.-A!. alloy, extruded ........... Same as 1 (D)
3 (D) Mg.-Al. alloy, extruded........... Same as 1 (D)
4 (D) Mg.-Al. alloy, extruded........... Same as 1 (D)
5 (D) Magnesium-copper alloy, extruded Same as 1 (D)
7 (D) Aluminum bronze, cast........... Cast at 17600 F after being in furnace 130 min.
8 (D) Al. bronze heat-treated............ Cast at 17600 F after being in furnace 130 min.;
heated to 16500 F; quenched in water; reheated to
12000 F; held 30 min.; cooled in furnace.
9 (D) Manganese bronze, cast........... Cast at 17600 F, after being in furnace 130 min.
...... Duralumin, as received........... Heated to 930-950°F; held 7-30 min.; quenched in
boiling water, treatment carried out by manufac-
turer.
...... Duralumin, tempered .......... Treated as above by manufacturer. Heated to 925°F,
held 30 min., quenched in boiling water for 2 hours.
...... Duralumin, annealed............. Treated as above by manufacturer. Heated to 7000
F, held 20 min.; cooled in furnace.
Tests at University of Illinois
102 Copper "A," annealed........... Treated as follows by manufacturer: Extruded at
13800 F to 1 in. round; pickled and washed; drawn
to 7/8 in. round; annealed at 12900 F, in oxydizing
atmosphere for 30 min.; pickled and washed.
Drawn cold to 3/4 in. round; annealed for 30 min. at
12900 F in oxydizing atmosphere; pickled and
washed.
102 Copper "B," cold-drawn ...... . Same as for copper "A;" then cold drawn to 1/2 in.
round in one operation. Left hard.
103 Brass, annealed................. Treated as follows by manufacturer: Cast in 6 7/8-in.
billet. Heated to 1435 0F; cooled to 12900 F; ex-
truded to 1 in. round. Reheated to 1020° F; held 30
min.; pickled and washed. Drawn to 3/4 in. round,
straightened. Reheated to 1020* F; held 30 min.;
pickled and washed.
104 Bronze "A," annealed .......... Treated as follows by manufacturer: Cast in 1 23/32
in. rod; reduced to 1-in. round. Heated to 12900
F; held 30 min.; pickled and washed; drawn-to
7/8 in. round; reheated to 1290° F; held 30 min.;
pickled and washed. Drawn to 3/4 in. round.
Reheated to 1290* F; held 30 min.; pickled and
washed.
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TABLE 8 (CONCLUDED)
Metal
No. Designation Heat Treatment. and Mechanical Treatment
Tests at University of Illinois
104 Bronze "B," cold-drawn.......... Same as for bronze "A," then cold-drawn to 1 inch
diameter in one operation. Left hard.
105 Brass "A," annealed............. Same as for Brass 103 "A."
105 Brass "B," cold-drawn. .......... Same as for Brass 105 "A," then cold-drawn to 1/2
inch diam. in one operation. Left hard.
106 Nickel, annealed................. Treated as follows by manufacturer: Cast in ingots
14 in. x 60 in. Reduced to 9-inch square bloom in
2 heats at an approximate temperature of 2000°
F. Reheated to 20000 F; rolled to bar 3 in. square.
Reheated to 20000 F; rolled to 5/8 in. round;
drawn to 9/16 in. round. Reheated to 16000 F;
drawn to 1/2 in. round. Packed in tubes with char-
coal and reheated to 16000 F. Cooled in furnace.
111 Monel metal, hot rolled........... Hot rolled by manufacturers to 1 1/8 inch round.
112 Monel metal, as received.......... Treatment unknown.
oratories of the U. S. Air Service at McCook Field, Dayton, Ohio, by
R. R. Moore;* (3) Tests made at the University of Illinois in the
laboratories of this investigation. Table 7 gives the composition of the
various metals tested in these three series of tests, and Table 8 the heat
treatments and the rolling treatments given to these various metals.
Figure 16 shows micrographs of the non-ferrous metals tested at
Illinois.
19. Apparatus, Specimens, and Test Data.-In the tests at the
University of Illinois the Farmer type of rotating-beam machine was
used for tests of non-ferrous metals; this machine is described in
Bulletin 124. Some of the non-ferrous metals were much weaker than
the ferrous metals previously tested, and it was found desirable to use
a specimen of slightly larger diameter than that used for ferrous
metals. Figure 17 shows the form and dimension of this specimen.
In some tests it was found difficult to machine the full-length specimen
without bending it, and special holders were designed to use a shorter
specimen. Figure 17 shows the short specimen and the holders
adapted to a Farmer rotating-beam testing machine.
In the tests at Annapolis a rotating-cantilever machine was used
for tests in reversed flexure, with a tapered specimen, giving approxi-
*Proc. A.S.T.M., Vol. 24, Part II, p. 547 (1924), Vol. 23, Part II, p. 106 (1923), and Vol. 25, (1925).
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Regu/loar Farmer Svec/hle,
Short Farmer Specimen
FIG. 17. SPECIMENS AND SPECIAL TESTING RIG USED AT ILLINOIS FOR FATIGUE
TESTS OF NON-FERROUS METALS
mately uniform stress at the extreme fiber for a considerable distance
along the test specimen.*
In the tests at McCook Field a special two-load rotating-beam
machine was used, similar in general principle to the Farmer type
machine but using plain bearings and a special system of lubrication
in place of ball bearings; this feature gives very smooth running.t
The data of the fatigue tests in reversed flexure are shown in
S-N diagrams, Figs. 18 to 21 inclusive. The results have all been
plotted to logarithmetic coSrdinates following the practice of former
bulletins. In selecting test data to serve as a basis of study of fatigue
phenomena in non-ferrous metals only those series of tests were chosen
for which the S-N diagrams showed a fairly well-marked "knee," or
which included tests to at least 100 million cycles of stress.t
Table 9 gives a summary of the results of tension tests on speci-
mens of the various metals studied, and Table 10 a summary of re-
*The form of specimen is shown in detail in the article to which reference is made on page 44.
fThis machine is described in the reference given on page 47.
:The exclusion of a large number of a series of fatigue tests made at Annapolis and McCook Field
should not be construed as any reflection on the serviceability of these tests (running to values of N
less than 100 000 000) for determining practically reliable endurance limits for many non-ferrous
metals.
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FIG. 18. S-N DIAGRAMS FOR FATIGUE TESTS OF NON-FERROUS METALS (McADAM)
sults of Charpy impact tests, and repeated impact tests, as well as
Brinell hardness values and scleroscope values.
20. Methods of Plotting Fatigue Test Results (S-N Diagrams).-
Three methods of plotting S-N diagrams have been used: (1) Plot-
ting the values of both the unit-stress and the number of cycles to
Cartesian coordinates, (2) plotting values of unit-stress to Cartesian
coirdinates and values of number of cycles to logarithmic co6rdinates
(semi-logarithmic plotting), and (3) plotting the values of both the
unit-stress and the number of cycles to logarithmic co6rdinates (loga-
rithmic plotting).
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FIG. 19. S-N DIAGRAMS FOR FATIGUE TESTS OF NON-FERROUS METALS
(R. R. MOORE)
In investigations carried on in the United States it has been cus-
tomary to use either logarithmic or semi-logarithmic plotting. The
reason for this is two-fold: (1). The use of a logarithmic scale for
values of number of cycles makes it possible to plot on the same dia-
gram both small and large values of N with the same percentage of
accuracy; and (2) in a Cartesian diagram there is the danger that the
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TESIAN, SEMI-LOGARITHMIC, AND LOGARITHMIC CORDINATES
general tendency towards curvature of the S-N diagram will lead the
investigator to assume that an endurance limit has been reached at a
comparatively low value of N when such is not the case. Figure 22, in
which the data of tests on monel metal are plotted to Cartesian co6rd-
inates (upper), to semi-logarithmic co6rdinates (middle), and to
logarithmis co6rdinates (lower), illustrates this last-named point. The
Cartesian diagram might lead the experimenter to report an endur-
ance limit of 33 000 lb. per sq. in., or, if experiments had been carried
only to values of N of 50 000 000, an endurance limit of 39 000 lb. per
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sq. in. might have been reported. The semi-logarithmic and the logar-
ithmic diagrams indicate that a well-marked endurance limit has not
yet been determined.
In general, there does not seem to be any marked difference
between the semi-logarithmic and the logarithmic method of plotting
as regards the determination of values for endurance limit. The cri-
terion for reporting an endurance limit, that the S-N diagram shall
show a well-marked "knee," seems to be a little more rigid when log-
arithmic plotting is used than when semi-logarithmic plotting is used.
At Illinois logarithmic plotting has been used for this reason; at
McCook Field and at Annapolis semi-logarithmic plotting is preferred.
The choice between semi-logarithmic coordinates and logarithmic
coordinates does not seem to be a matter of very deep significance.
The authors, however, do recommend that either semi-logarithmic or
logarithmic plotting be used for S-N diagrams.*
21. Determination from S-N Diagrams of Endurance Limits for
Non-ferrous Metals.-The evidence for the existence of a well-defined
endurance limit for wrought ferrous metals has been discussed in pre-
vious bulletins of this investigation.t From the S-N diagrams for
non-ferrous metals given in Figs. 18 to 21, inclusive, and from Table 9
four outstanding conclusions seem apparent:
(1) Some of the non-ferrous metals (especially monel metal
and duralumin) show no knee in the S-N diagram, and give no
positive indication that the diagram has become horizontal even
for values of N well above 100 000 000.
(2) The ratio of fatigue strength to tensile strength is lower
for non-ferrous metals than for wrought ferrous metals.
(3) For most of the non-ferrous metals for which there is
a fairly well-marked knee in the S-N diagram the number of
cycles necessary to reach that knee is greater than for wrought
non-ferrous metals, being usually between 10 000 000 and
100 000 000, and sometimes well above 100 000 000.
(3) For most of the non-ferrous metals for which there is
McCook Field with those of tests made at Annapolis and at Illi-
*The following comment from Prof. 0. H. Basqmn is of interest: "In semi-log plotting, values of stress
that do not fall on indicated lines are more readily estimated than can be done in log plotting. Log
plotting makes a given per cent of error represented by the same displacement at all ordinates; in
semi-log plotting such an error is represented by a displacement which is proportionate to the ordi-
nate. A given 'scatter' represents the same relative error in log plotting quite independent of the
ordinate. If accuracy of results is to be estimated by the scatter effect, it seems desirable to have a
method of representing the scatter which is independent of the stress involved."
tSee also paper, "Evidence for Fatigue Limits," by Moore and Jasper, presented before the
British Association at the Toronto meeting (1924) and published in Engineering (London), Oct. 24 and
Nov. 7, 1024.
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nois, very great care in preventing vibration during fatigue tests
seems to be particularly effective in increasing the sharpness of
definition of the knee in the S-N diagram.
The determination of endurance limit for non-ferrous metals has
proved so time-consuming that no conclusive study has as yet been
made of the effect of repeated understressing in raising the fatigue
strength of these metals, but certain tests made at Annapolis and at
McCook Field seem to indicate some increase of fatigue strength by
repeated understressing.
Of the non-ferrous metals tested, nickel, aluminum, naval brass
(McCook Field tests), and most of the magnesium-aluminum alloys
show a clearly defined endurance limit judged by the criteria applied
in previous bulletins to wrought ferrous metals. On the other hand
some lots of monel metal and some lots of duralumin show no clear
evidence of an endurance limit, although tests have been run to over
800 000 000 cycles of stress. The other metals tested show some
evidence of an endurance limit, but not such clear evidence as has
been shown in the case of wrought ferrous metals.
It has been proposed by various investigators that for non-ferrous
metals which do not show a well-marked endurance limit the fatigue
strength be evaluated by reporting a limit at a stress located on the
S-N diagram at some definite value of number of cycles, and 10s (one
hundred million) and 109 (an American billion or a thousand million)
have been proposed for values of N. For evaluating the fatigue
strength of those non-ferrous metals which do not show a well marked
endurance limit the authors propose to use the unit-stress corre-
sponding to 10' cycles of stress, to determine this point by draw-
ing a tangent to the S-N diagram at the extreme value of N observed,
and to denote this value of unit-stress by the term "thousand-million
cycle endurance limit."
For cases in which the probable "life" of a machine member would
involve more than 109 cycles of stress it is proposed to extend the tan-
gent to the S-N diagram to the value of N corresponding to the
expected life of the machine part. This method is an extension of the
method proposed by Professor Basquin in 1910.* In view of the
upward bend of the S-N diagram for all metals so far tested (except
monel and duralumin) this method would seem to yield values for
endurance limit which would be on the safe side.
*Proc. A.S.T.M., Vol. X, p. 625 (1910).
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This method, extending the range of N to 1010 cycles of stress, is
illustrated in Fig. 21 for copper, brass, bronze, monel, and nickel. Of
course, if the S-N diagram has become horizontal this method will
give a constant value for endurance limit, independent of the value of
N considered; this is the case for wrought ferrous metals, for nickel,
and for some other non-ferrous metals tested. It should be noted that
all the values determined in this bulletin are for thousand-million-
cycle endurance limits under cycles of reversed flexure. It is not at all
certain that the same slope of line would be found for determining
limits with the metals subjected to cycles of direct tension and com-
pression.
The values of the endurance limits for the non-ferrous metals
studied are given in Table 9. It will be noted that for the metals
tested at Annapolis or at McCook Field two values are given. The
first value is the value determined by the authors of this bulletin from
a logarithmic S-N diagram; the second value (enclosed in parenthe-
sis) is the value determined by Dr. McAdam or Mr. R. R. Moore from
a semi-logarithmic plot. The difference between the two values gives
a fair indication of the difference in interpretation of results by differ-
ent experimenters.
The right-hand column of Table 9 records values of Endurance
Ratio (a term coined by Dr. McAdam). This is the ratio of endur-
ance limit to ultimate tensile strength. Values for this ratio are given
corresponding to the two values of endurance limit.
22. Fatigue Strength of Cold-worked Non-ferrous Metals.-The
proportional elastic limit of most non-ferrous metals may be very
greatly increased by cold drawing or cold rolling the metal. This
cold drawing or rolling also increases the ultimate tensile strength,
although the increase is not so great as it is for the proportional
elastic limit. In the case of steel of about 0.20 carbon content the
proportionate increase in endurance limit due to cold drawing is about
the same as is the proportionate increase in ultimate tensile strength.
This is shown by the values, taken from Bulletin 124, given in Table
11 for steel.
The question of increase in fatigue strength of non-ferrous metals
due to cold rolling or cold drawing was studied at Annapolis and also
at the University of Illinois. Some tests made at Annapolis were on
certain non-ferrous metals subjected to slight cold working-cold
working only sufficient to raise the tensile strength about 33 per cent.
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TABLE 9
RESULTS OF TENSION TESTS AND OF FATIGUE TESTS OF NON-FERROUS METALS
Since the object of this study of the fatigue strength of non-ferrous metals is to try to outline the
general behavior of a number of common non-ferrous metals in fatigue, especially to compare that
behavior with the behavior of wrought ferrous metals, only those tests were studied which had
been run to at least 100 000 000 cycles of stress or in which there was shown a well-marked "knee" in
the S-N diagram. This limitation of the field of study threw out many tests made at the U. S. Naval
Engineering Experiment Station where some 55 S-N diagrams have been obtained for various non-
ferrous metals. Six of these diagrams seemed to the writers to be suitable for this general study. The
exclusion of the remainder should not be construed as expressing any unfavorable judgment on the
practical value of the endurance limits determined from the tests.
Results of Tension Tests
Endurance
Propor- Ultimate Reduc- Limit
Metal tional Yield Tensile Elonga- tion of (Rotating- Endur-
No. Designation Elastic Point Strength t2on Area bea Ratin o*
Limit 2 inchlb. pe Ratio*
sq. in.
lb. per sq. in. per cent
Tests at U. S. Navy Engineering Experiment Station (Annapolis)
AW-1 Nickel, hot-rolled..... 20 700t ...... 60 100 53.0 74 25 500 0.42
(24 000)§ (0.40)
AW-2 Nickel, annealed ..... 30 300t ...... 76 200 47.0 69 31 0001 0.41
(31 500) (0.40)
BJ Aluminum Bronze.... ...... ...... 71 900 12.9 66 19 0001 0.26
(19 000) (0.26)
BK Monel, cold-rolled fin-
ish No. 13......... ...... ...... 88 300 28.9 57 29 000t 0.33
(29 000) (0.33)
BH-1 Monel, cold-rolled fin-
ish No. 9.......... ....... ...... 97 400 28.5 72 33 0001 0.34
(34 000) (0.35)
AA Monel, hot-rolled..... 56 200t ...... 90 200 35.9 70 38 0001 0.42
(38 000) (0.42)
Tests at U. S. Air Service Laboratories (McCook Field, Dayton)
Aluminum........... 11 300 ...... 22 600 16.0 65 10 500 0.46
(10 500) (0.46)
Magnesium.......... 1 200 ...... 32 500 6.2 4 8 000 0.25
(7 800) (0.24)
Naval Brass ......... 33 400 ...... 68 200 27.0 53 22 000 0.32
(22 000) (0.32)
Electron metal ....... 6 300 ...... 36 500 17.5 20 17 000 0.47
(17 000) (0.47)
7 (D) Aluminum Bronze; as
cast............... 5 100 ...... 59 300 20.0 28 23 000 0.39
(22 000) (0.37)
*Ratio of endurance limit to ultimate tensile strength.
tJohnson's Elastic Limit (Method II, A. S. T. M, Tentative Standard Methods of Testing.)
tEndurance limit poorly defined; no well-marked "knee" in S-N diagram, thousand-million-cycle
endurance limit used.
§The values in parentheses are values reported by the original investigators, the values without
parentheses are values determined from the replotting of data to logarithmic coordinates at the Univer-
sity of Illinois.
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TABLE 9 (CONCLUDED)
Metal
No. Designation
Results of Tension Tests
Endur-
ance
Ratio*
Tests at U. S. Air Service Laboratories (McCook Field, Dayton)
8 (D) Aluminum Bronze,
cast, heat-treated... 24 900 ...... 77 800 14.0 19 27 000 0.35
(26 000)§ (0.34)
9 (D) Manganese Bronze
cast .............. 13 000 ...... 70 000 32.8 41 17 000 0.24
(17 000) (0.24)
1 (D) Mg. +4% Al........ 8 100 ...... 35 200 21.7 28 12 000 0.34
(12 0001 (0.34)
2 (D) Mg. + 4% Al.
+1/4% Mn........ 13 500 ...... 39 000 15.5 31 15 000 0.38
(15 000) (0.38)
3(D) Mg. +6.5% Al....... 12 000 ...... 41 300 16.0 20 13 000 0.31
(13 000) (0.31)
4 (D) Mg. + 6.5% Al.
+ 1/4% Mn ...... 15 000 ...... 44 400 13.8 17 15 000 0.34
(15 000) (0.34)
5(D) Mg. +10%Cu....... 14 200 ...... 39 000 3.0 4 12 000 0.31
(11 000) (0.28)
Duralumin, as rec'd... 25 000 ...... 51 000 16.0 50 14 000t 0.27
(14 000) (0.27)
Duralumin, annealed.. 6 800 ...... 25 200 25.0 61 10 000t 0.40
(10 000) (0.40)
Duralumin, heat-
treated............ 18 600 ...... 51 200 29.3 48 12 000 0.23
(12 000) (0.23)
Tests at University of Illinois
102A Copper, annealed... 3 200 ...... 32 400 56.4 72 10 000 0.31
102B Copper, cold-drawn... 38 400 ...... 56 200 6.5 52 10 000f 0.18
103 Brass, annealed....... 23 600 ...... 66 000 48.1 40 29 000f 0.44
104A Bronze, annealed...... 12 800 ...... 45 700 66.9 84 23 000 0.50
104B Bronze, cold-drawn.. 59 900 ...... 85 100 11.7 67 27 000 0.32
105A Brass, annealed....... 15 600 16 800 54 200 56.0 61 22 000 0.41
105B Brass, cold-drawn.... 43 200 49 900 96 700 12.8 52 26 000 0.27
106 Nickel, annealed ..... 11 300 18 200 69 900 45.1 72 28 000 0.41
111 Monel, hot-rolled, as
ree'd (G. E.)....... 49 600 54 600 89 800 40.4 69 32 000t 0.36
112 Monel, as rec'd (A-C).. 50 700 59 900 89 600 35.6 68 32 000t 0.36
*Ratio of endurance limit to ultimate tensile strength.
tJohnson's Elastic Limit (Method II, A. S. T. M. Tentative Standard Methods of Testing.)
:Endurance limit poorly defined; no well-marked "knee" in S-N diagram, thousand million-cycle
endurance limit used. *, l
§The values in parentheses are values reported by the original investigators, the values without
parentheses are values determined from the replotting of data to logarithmic coordinates at the Univer-
sity of Illinois.
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TABLE 10
RESULTS OF CHARPY, REPEATED-IMPACT, AND HARDNESS TESTS OF NON-
FERROUS METALS
Repeated- Hardness
impact
Charpy Test
Metal T(notched-etal Designation bar)ed Scler-
Test No. of Total Brinell oscope
ft. lb. Double Energy Number Number
Blows ft. lb.
Tests at U. S. Air Service Laboratories (McCook Field, Dayton)
1 (D) Mg.-Al. Alloy, extruded......... 3.6 .... .... 52 16
2 (D) Mg.-Al. Alloy, extruded......... 3.3 .... .... 58 17
3 (D) Mg.-Al. Alloy, extruded......... 3.0 .... .... 61 20
4 (D) Mg.-Al. Alloy, extruded......... 2.9 .... .... 65 22
5 (D) Mg.-Cu. Alloy, extruded ........ 1.7 .... .... 60 21
7 (D) Aluminum Bronze, cast......... 6.3 .... .... 96 21
8 (D) Aluminum Bronze, hbeat-treated.. 13.2 .... .... 142 26
9 (D) Manganese Bronze, cast......... 21.0 .... .... 93 17
..... Duralumin, as received.......... 13.9 .... .... 100 19
Duralumin, tempered........... 19.4 .... .... 100 22
Duralumin, annealed........... 17.3 .... .... 50 12
..... Electron metal................ 2.9 .... .... 64 19
Tests at University of Illinois
102 Copper "A," annealed.......... 30.5 54 36.3 47 6
102 Copper "B," cold-drawn........ 16.4 76 50.6 104 15
103 Brass, annealed ................ 31.6 107 71.3 90 12
104 Bronze "A," annealed........... 51.5 102 68.0 74 12
104 Bronze "B," cold-drawn......... 38.0 390 260.4 166 20
105 Brass "A," annealed............ 30.3 49 32.6 72 8
105 Brass "B," cold-drawn.......... 18.9 598 398.8 179 27
106 Nickel, annealed ............... 71.5 170 113.3 90 8
111 Monel metal, hot-rolled......... 74.3 337 225.0 169 21
112 Monel metal, as received........ 65.3 394 263.0 163 20
The results of these tests showed that the effect of this moderate cold
working is to increase the thousand-million-cycle endurance limit by
about the same proportion as the ultimate tensile strength. The ratio
of endurance limit to tensile strength, which Dr. McAdam has named
the "endurance ratio," remains practically unchanged by this moder-
ate cold working.
The results of severe cold working, such cold working as takes
place when metal is cold drawn or cold rolled, were studied at Annap-
olis and at Illinois. At Annapolis static tension tests and fatigue tests
were made on cold-rolled nickel, and on the same material after it had
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TABLE 11
EFFECT OF COLD ROLLING OR COLD DRAWING ON STATIC STRENGTH AND FATIGUE
STRENGTH OF NICKEL, COPPER, BRONZE, AND BRASS
Proportional Ultimate
Elastic Limit Tensile Strength Endurance Limit
Metal Endur-
No. Designation Increase Increase Increase ance
Value due to Value due to Value due to Ratio
lb. per Cold lb. per Cold lb. per Cold
sq. in. Work sq. in. Work sq. in. Work
per cent per cent per cent
Tests at University of Illinois
102A Copper, annealed....... 3 200 32 400 10 000 0.31
102B Copper, cold-drawn..... 38 400 1 100 56 200 73 10 000t 0 0.18
104A Bronze, annealed ....... 12 800 45 700 23 000 0.50
104B Bronze, cold-drawn..... 59 900 367 85 100 86 27 000 17 0.32
105A Brass, annealed......... 15 600 54 200 22 000 0.41
105B Brass, cold-drawn....... 43 200 177 96 700 78 26 000 18 0.27
50* 0.20 carbon steel cold-
drawn................. 55 200 86 800 41 000 0.47
50 0 20 carbon steel,annealed
at 1550°F............ 28 000 97 57 700 50 25 000 64 0.43
Tests at U. S. Navy Engineering Experiment Station (Annapolis)
A Nickel, cold-rolled...... 108 600 166 200 40 000 0.24
A16 Nickel, annealed at
1600°F.............. 11 800 820 70 400 136 25 500 57 0.36
*From Bulletin 124, Eng. Expt. Sta., Univ. of Ill.
tEstimated from properties of annealed nickel, tested at Illinois.
TThousand-million-cycle endurance limit used.
been annealed. At Illinois static tension tests and fatigue tests were
made on one-half of lots of bars of annealed copper, brass, and bronze,
and then the other half of each lot of bars was cold drawn, and static
tension tests and fatigue tests were made on specimens cut from these
cold-drawn bars. The results of these tests of cold-worked material
are given in Table 11, and the S-N diagrams for the fatigue tests are
given in Fig. 21. Results for steel with a carbon content of about 0.20
per cent are quoted from Bulletin 124 for purposes of comparison.
In all cases it is seen that the increase in proportional elastic
limit due to cold working is very marked indeed, that the increase in
ultimate tensile strength is well marked, but much less than the in-
crease in the proportional elastic limit, and that the increase in endur-
ance limit is much smaller than the increase in ultimate tensile strength
for all non-ferrous metals tested. The increase in endurance limit for
nickel is, however, well marked.
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Def/ectio7 of Tempera ure-/1i7'/C91g9 Go/va'7nome/er
FiG. 23. RESULTS OF RISE-OF-TEMPERATURE TESTS OF NON-FERROUS METALS
Cold drawing seems distinctly less effective in raising the fatigue
strength of the non-ferrous metals tested than that of mild steel.
Using the terms of the theory of fatigue of metals given in Bulletin
142, an explanation of the relative ineffectiveness of cold working of
non-ferrous metals is that in such metals the tendency towards "heal-
ing" a scar due to slip is less perfectly developed for non-ferrous
metals than it is for wrought ferrous metals, and that a very small
crack once started is almost sure to spread until fatigue failure of the
piece takes place. An alternative explanation is that in those non-
ferrous metals there were more sub-microscopic defects than are usu-
ally found in wrought ferrous metals, and that under the over-stress of
cold working these defects act as "stress-raisers"* and the probability
of the start of a spreading fatigue crack is greater than it is in the
case of ferrous metal.
23. Rise-of-temperature Tests for Endurance Limit of Non-fer-
rous Metals.-For most of the wrought ferrous metals tested it was
found that by measuring the rise of temperature under reversed flexure
and plotting rise of temperature against unit-stress the "break" of the
resulting diagram located the endurance limit with a good degree of
accuracy.t
Using the same methods of testing as those described in Bulletin
124, rise-of-temperature tests of the non-ferrous metals tested at Illi-
*An expressive term coined by Dr. H. W. Gillett of the U. S. Bureau of Standards.
tThe rise-of-temperature test is described in detail in Bulletin 124, pp. 119-127.
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TABLE 12
RESULTS OF RISE-OF-TEMPERATURE TESTS FOR DETERMINING ENDURANCE LIMITS
OF NON-FERROUS METALS
Endurance Limit
lb. per sq. in.
Metal Designation Rotating-No. Rise-of- beam Test
tempera- (1 000 000 000
ture Test cycles)
102 Copper "A," annealed ........................ .......... 10 200 10 000
"B," cold-drawn............................. above 15 000 10 000
103 Brass, annealed ........... ... ........ . ........... .. 33 000 29 000
104 Bronze "A," annealed.................................. 15 500 23 000
"B," cold-drawn........... ..... .... ........ ... . 41 800 27 000
105 Brass "A," annealed ................... ............ .... 21 000 22 000
"B," cold-drawn............................... above 28 000 26 000
106 Nickel, annealed.......................... ....... ... 29 000 28 000
111 Monel metal, hot-rolled ................................. 40 800 32 000
nois were made. Figure 23 gives typical stress-temperature diagrams
and the results of the tests are given in Table 12.
An examination of Table 12 shows that the rise-of-temperature
test gave approximately the same endurance limits as were given by
long-time rotating-beam tests in the case of annealed copper, annealed
brass No. 105, and annealed nickel. The rise-of-temperature test gave
an endurance limit below that given by the rotating-beam test in the
case of annealed bronze, and gave endurance limits above those given
by the rotating-beam test in the case of cold-drawn copper, cold-
drawn bronze, cold-drawn brass No. 105, and monel metal. In the
case of annealed brass No. 103 the rise-of-temperature method gave
an endurance limit slightly above that given by the rotating-beam test.
It seems that for the cold-worked non-ferrous metals tested the
rise-of-temperature test is not a reliable means of determining the
endurance limit, nor is it in the case of the monel metal, which was hot
rolled. The authors feel that the rise-of-temperature test cannot be
regarded as a reliable test for non-ferrous metals in general, and see
no reason to change their opinion that this test denotes the beginning
of serious slip in the metal, not necessarily the beginning of a fatigue
crack.
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24. Fatigue Tests of Non-ferrous Metals Other than Reversed-
flexure Tests.-The determination of endurance limits for non-ferrous
metals subjected to cycles of reversed flexure has proved to be a pro-
cess which demands a great amount of time. In the tests at Illinois
comparatively few metals have been studied, and a considerable num-
ber of long-time tests have been run. Published test results from
McCook Field show that great care has been given to the perfection of
the performance of the apparatus, fewer long-time tests have been run
than at Illinois, and more metals have been studied, with special atten-
tion to light alloys. In the published test results from Annapolis fewer
long-time tests are shown than at either Illinois or McCook Field, but
more metals have been studied, and more kinds of tests run. A con-
siderable amount of test data on the fatigue strength of non-ferrous
metals under reversed torsion has been published. Values of the ratio
of endurance limit for reversed shearing stress (torsion) to endurance
limit for reversed flexure are given for various non-ferrous metals by
Dr. McAdam in the publications referred to on page 44. The values
of this ratio range from 0.41 to 0.58 with one value of 0.83 reported
for hot-rolled nickel. This range does not indicate any systematic
variation of this ratio from the value for wrought ferrous metals,
which averages about 0.53.*
So far as the authors have been able to ascertain there have been
published no test data of long-timet tests of non-ferrous metals under
cycles of axial stress (tension-compression) or of non-ferrous metals
under cycles of stress which do not involve complete reversal. It is to
be hoped that these features of the problem may be taken up in the
near future, together with a further study of the fatigue strength of
non-ferrous metals under cycles of shearing stress.
VI. FATIGUE STRENGTH OF CASE-CARBURIZED STEEL
25. General Discussion.-This chapter is a summary of the work
done by Mr. Julius Muller, student test assistant with the Investiga-
tion of the Fatigue of Metals, in the preparation of an undergraduate
thesis in the course in Mechanical Engineering, University of Illinois.
This thesis is on file in the library of the University, and gives his test
results in somewhat more detail than does this summary.
*Univ. of Ill. Eng. Exp. Sta., Bul. No. 142, p. 60.
tThe authors would limit the term "long-time" as applied to fatigue tests of non-ferrous metals
to series of tests involving not less than 100 000 000 cycles of stress.
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The case carburizing of a steel part consists in packing it in
broken charcoal or other carbonaceous material and heating the pack
to a temperature at or above the critical temperature range for steel.
When so heated with broken-up carbonaceous material steel absorbs
carbon. The rate at which carbon is absorbed and the depth of pene-
tration of the carbon into the steel depends on the temperature to
which the pack is heated, the carbon content of the steel, and the
length of time the steel is heated in contact with the carburizing ma-
terial. The depth of penetration of carbon into the steel is known as
the depth of case. The carbon content added to the steel varies from
a maximum at the surface to zero at the inside of the case.
The use of the case-carburizing process would seem to be espe-
cially effective in increasing the strength and hardness of parts which
are to be subjected to flexure or torsion. For such parts the outer
"fibers" of the steel carry much higher stress than do the inner fibers,
and the strengthening of the outer fibers by case carburizing adds
strength where it is most needed.
It has become recognized that the effectiveness of case carburizing
may be increased by heat treatment of the part after the first car-
burizing process. By suitable heat treatment the outside case may be
left hard and strong, while the core is tough and ductile.
26. Material, Case Carburizing, and Heat Treatment.-Two
steels were taken as a basis for this preliminary study of the effect of
case carburizing: (a) a low-carbon steel (Steel No. 52) from the
stock of the University of Illinois forge shop, and (b) Armco iron
(Steel No. 9). The chemical composition of each is given in Table 17.
The case carburizing of the specimens was carried out by packing
them in a cast-iron box, 8 in. by 4 in. by 12 in., with a mixture of a
commercial carburizing compound.
All specimens were packed so as to have at least one-half inch of
carburizing material between the walls of the box and the nearest
specimens. The box was closed with a cast-iron cover and sealed with
fire clay.
The specimens of No. 52 steel were carburized in a gas-fired fur-
nace. They were brought to a temperature of 1750 deg. in 11/2 hours
from the start of the heating process, and kept at that temperature
for 3 hours. This produced a case with a thickness of 0.06 inch. The
specimens of Armco iron were carburized in an electric furnace. They
were brought to and kept at a temperature ranging from 1650 to 1675
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TABLE 13
HEAT TREATMENTS USED WITH SPECIMENS OF CASE-CARBURIZED STEEL
Steel Heat
No. Designation Treatment Description
52 0.20 carbon steel.. A Heat to 16000 F, hold 15 min., quench in oil.
Reheat to 1450° F, hold 15 min., quench in oil.
Reheat to 12000 F, hold 30 min., cool in air.
B Heat to 16000 F, hold 15 min., quench in water.
Reheat to 14500 F, hold 15 min., quench in water.
Reheat to 12000 F, hold 30 min., cool in air.
C Heat to 16000 F, hold 15 min., quench in oil.
Reheat to 14500 F, hold 15 min., quench in water.
Reheat to 12000 F, hold 30 min., cool in air.
D Heat to 16000 F, hold 15 min., quench in water.
Reheat to 12000 F, hold 30 min., cool in air.
9 0.02 carbon steel
(Armco) ........ E Heat to 1600° F, hold 15 min., quench in oil.
Reheat to 14500 F, hold 15 min., quench in oil.
F Heat to 16000 F, hold 15 min., quench in oil.
Reheat to 14500 F, hold 15 min., quench in oil.
Reheat to 12000 F, hold 30 min., cool in air.
G Heat to 14500 F, hold 15 min., quench in oil.
H After carburizing allow steel to cool in furnace.
deg. F. for periods of 31/, 21, and 2 hours, respectively, for the three
batches carburized. The resulting depths of case were 0.075 inch,
0.025 inch, and 0.015 inch, respectively.
The various heat treatments given the case-carburized specimens
are stated in Table 13. It is to be noted that in the preliminary tests
of Steel No. 52 several heat treatments were used which involved water
quenching. The results of this preliminary series of tests seemed to
show that water quenching gave rather too rapid cooling, and in the
heat treatment of the Armco specimens oil quenching was used
exclusively.
27. Apparatus, Specimens, and Test Data.-The fatigue tests of
specimens of case-carburized steel were all rotating-beam tests. The
Farmer type rotating-beam testing machine was used for all the tests.
For a few tests the regular long Farmer type specimen (Fig. 18, Bulle-
tin 124) was used, but for most of the tests the short Farmer type
specimen with holders was used. This specimen is shown in Fig. 17.
Static tension tests using the usual type of specimen were also made.
Figures 24 and 25 give the S-N diagrams for the fatigue tests of
specimens of case-carburized steel.
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Cyc/es for Rupture, (/V)
FIG. 24. S-N DIAGRAMS FOR FATIGUE TESTS OF CASE-CARBURIZED STEEL; 0.21
CARBON STEEL
28. Results of Tests and Discussion.-Table 14 gives a summary
of the results of the fatigue tests of case-carburized steel specimens.
An examination of Table 14 shows that, as might be expected, the
outside shell of high-carbon steel, which the case-carburizing process
gives a steel part, seems effective in increasing the endurance
strength, the percentage of increase reaching a maximum of 162 for
Armco iron, heat treatment "E." Treatments "A," "G," and "E," (see
Table 14) seem especially effective. Treatment "H," which is prac-
tically an anneal, is apparently not at all effective in increasing the
fatigue strength of the Armco iron tested. In this connection it should
be noted that for Armco iron the comparison of the fatigue strength of
the case-carburized specimens is made with the fatigue strength of the
Armco iron as received (box annealed). By quenching in water from
1550 deg. F., without any carburizing process, the endurance limit of
Armco may be increased from 26 000 lb. per sq. in to 33 000 lb. per
sq. in., or 27 per cent (see Bulletin 142, page 57).
Figure 26 shows the relation observed for the Armco specimens
between depth of case and endurance limit. While the data are too few
to warrant the drawing of any general conclusions, the existence of
some limit of effective depth of case is indicated. Tests on larger
specimens are highly desirable to throw further light on this point.
AN INVESTIGATION OF THE FATIGUE OF METALS
Cyc/es for Rupture, (AI/
Cyc/es for Rupl/ure, (/V/
70000 -
/ Case Treatment A
60000 - _- _---
Case Treatment C .=
50000 - - - -
No. e, 0.02 Carbon
Case - Carburizeda
40000 0.025" Case
/ Case Treatment D
Bas. Curae
30000 - -
20000 . -
90000
IK
Ir
uI (CuI
70000
60000
50 000
/dn) 011
.I IS0.075' Case
0'0 .2S"C3se
o .0.0/5' Case
I i
No. 9, .oZ Carbon
-- Case- Carburzed--
Case Trea/ment A
(4)
N
K
(4-)
'5-
ZZ:~
109 /0 /0° / 0 7 0,
Cycles for Ruputure, (/4)
FIG. 25. S-N DIAGRAMS FOR FATIGUE TESTS OF CASE-CARBURIZED STEEL; 0.02
CARBON STEEL (ARMCO)
I I
68 ILLINOIS ENGINEERING EXPERIMENT STATION
TABLE 14
RESULTS OF FATIGUE TESTS OF CASE-CARBURIZED STEEL SPECIMENS
All fatigue tests were made on a rotating-beam (Farmer) testing machine.
Steel
No.
52
9
Designation
0.20 carbon steel..........
0.02 carbon steel (Armco)..
Case-carburizing
Treatment
Depth of Case
in.
0
0.06
0.06
0.06
0
0.015
0.015
0.025
0.025
0.025
0.075
0.075
Percent-
age of
Diam.
0
20
20
20
0
5.0
5.0
8.3
8.3
8.3
25.0
25.0
Heat
Treat-
ment
as
rec'd
C
B
A
as
rec'd
F
E
H
G
E
F
E
Endurance
Limit
lb. per
sq. in.
33 000
45 000
48 000
55 000
26 000
37 000
44 000
27 000
56 000
57 000
50 000
68 000
Increase of
Endurance
Limit over
that of
Untreated
Steel
per cent
0
36
45
67
0
42
69
4
115
120
92
162
The results of the tension tests showed, as might have been
expected, that case carburizing is less effective in increasing the
strength of tension members which are subjected to approximately
uniform stress over the whole cross-section, than in increasing the
strength of flexure members, in which the outer shell carries most of
the stress. The tension test results are given in detail in Mr. Muller's
thesis.
VII. TESTING MACHINES FOR REPEATED STRESS
29. Relative Reliability of Rotating-beam Fatigue Tests and
Fatigue Tests under Reversed Axial Stress.-There still remains a
strong feeling on the part of some engineers that repeated axial-stress
tests are superior in many ways to repeated flexural tests. The reason
usually assigned for this superiority is that the stress in an axial test
can be accurately figured even beyond the yield point of the material,
while the stress in a flexural test cannot be figured beyond the yield
point of the material. A second advantage claimed for the repeated
axial-stress test has been the fact that in tension-compression tests
there is no reinforcing action due to understressed fibers in the
specimens.
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FIG. 26. FATIGUE TESTS OF CASE-CARBURIZED STEEL; RELATION OF DEPTH OF
CASE TO ENDURANCE LIMIT
In the opinion of the authors the first advantage has been dis-
tinctly over-emphasized. For most wrought ferrous materials, the
endurance limit is lower than the static yield point of the material.
The endurance limit is the important constant determined from fatigue
tests. Below the static yield point the computed stress in a flexure
specimen corresponds closely to the actual stress. In cases, therefore,
where the endurance limit is below the yield point of the material, its
value is determined with a high degree of precision in a rotating-
beam test.
Before consideration is given to tests of metals whose endurance
limits are higher than the static yield point it may be well to note the
method used in determining the endurance limit. The endurance limit
of a metal is determined from a series of tests of specimens some of
which fail, and some of which do not fail even after many millions of
cycles of stress. The value of the endurance limit for a metal is
determined in the range of computed unit-stress between the lowest
unit-stresses which cause failure and the highest unit-stresses which do
not cause failure and not, as some engineers seem to think, from tests
of overstressed specimens which do fail.
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For those wrought ferrous metals whose endurance limit is above
their yield point, there occurs during the tests a raising of this primi-
tive yield point so that at the end of a long-time test the metal follows
Hooke's Law quite closely, and the stress which is computed by the
ordinary flexure formula is very nearly the actual fiber stress existing
in the metal. This is indicated by the results of static tests on fatigue
specimens which have withstood millions of cycles of stress at or near
the endurance limit. Both the static and the fatigue strength prop-
erties of such specimens have been found to be improved by such
repeated stressing. It is, therefore, believed that if the rotating-beam
type of machine is used, the computed stress at the endurance limit
matches with a good degree of precision the fiber stress in the specimen.
In this connection the authors offer a criticism on the commonly-
made assumption that there is uniformity of stress over the cross-
section of a fatigue test specimen subjected to cycles of alternating
axial tension and axial compression. This assumption is not in general
supported by studies of actual stress distribution in carefully made
static tension tests. Using spherical bearings and a nicety of adjust-
ment which would be very difficult to achieve in repeated-stress tests,
variations between mean stress and actual measured extreme fiber
stress in tension specimens have been found to average as high as ± 10
per cent.*
In tests of specimens under cycles of alternating direct tension
and direct compression the conditions tending to cause irregularity of
stress distribution are greatly magnified over those in static tension
specimens. Self-adjusting spherical-seated bearings cannot be used on
account of the necessity of rigidly fastening the specimen to the heads
of the machine. In any tension specimen there are set up at points of
attachment to the grips very high localized stresses, and in repeated
stress specimens it is very easy to have these localized stresses cause
failure rather than the uniformly distributed stress at the center of
the specimen. Specimens for tests under cycles of axial stress must be
short else under compression they will fail by buckling and at the ends
the load is necessarily applied to the outer surface. Obviously, at the
ends the stress at the axis is less than the stress at the surface. It is
rather doubtful whether at the center of length of short specimens the
*Smith, C. A. M., "On Stress Distribution During Tension Tests," Engineering (London), Dec.
10, 1909, p. 796.
Jenkin, C. F., "Report on Materials Used in Aircraft and Aircraft Engines," issued by the British
Aeronautical Research Com., 1920.
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stress has become uniformly distributed from axis to surface. A field
of experimentation which would seem to offer possibility of study
would be tests of long tension specimens under cycles of stress varying
from a slight to a maximum tension.
These general considerations are reinforced by a comparison of
the S-N diagrams for axial stress fatigue tests and rotating-beam
fatigue tests of the same metal. The "scatter"* of plotted points is, in
general, distinctly greater for S-N diagrams for repeated axial-stress
tests than for S-N diagrams for rotating-beam tests. This is illus-
trated by the typical diagrams shown in Figs. 7-10 and 11-13, inclu-
sive, Bulletin 142.
In regard to the second advantage claimed for axial-stress tests,
the lack of reinforcing action by understressed fibers, the question is
pertinent whether for members subjected to repeated flexure the rein-
forcing action of understressed fibers should not be counted.
A discussion of the different values of endurance limit found in
axial-stress fatigue tests and in rotating-beam fatigue tests is given on
pages 35 to 48 of Bulletin 142, in which the greater probability of
starting a crack in a uniformly stressed specimen and the greater
importance of imperfect core material in axial-stress specimens are
given as reasons for the observed difference in endurance limits. Per-
haps to these should be added certain factors due to the machines and
specimens used, such as lack of perfect uniformity of stress distribu-
tion (see p. 71), slight impact effects, etc. However, it may be noted
that two axial-stress machines of different design gave nearly the same
values for endurance limit. It may be noted further that in S-N dia-
grams for axial-stress tests the knee of the diagram occurs at a lower
number of cycles of stress than is the case with S-N diagrams for
rotating-beam tests.
In any event, it seems proper to point out that in machine parts
and structural members subjected to repeated or reversed axial stress,
localized stress at shoulders, or screw threads, and other places, is of
very great importance. As pointed out in Bulletin 142, it is doubtful
whether in any axial-stress machine parts a higher value of endurance
*An expressive term used by Prof. G. B. Upton of Cornell.
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limit could be developed than was developed in the axial-stress tests
at Illinois.*
30. Machine for Flexure Tests of Flat Specimens.-In Fig. 27 is
shown a testing machine for making repeated flexure tests of thin flat
specimens. The specimen N is fastened at one end to the calibrated
spring M and the other end is vibrated back and forth by the connect-
FIG. 27. TESTING MACHINE FOR REPEATED-FLEXURE TESTS OF THIN FLAT
SPECIMENS
ing rod K, which is operated by the variable throw crank D. If the
throw of the crank D is increased, the bending moment on the speci-
men is increased and the deflection of Q, a mirror attached to the cali-
brated spring, is increased, causing a motion of a ray of light reflected
from the lamp L to the screen S. There is provided an automatic trip,
operated by the dropping of the connecting rod K when the specimen
*See "Fatigue of Metals by Direct Stress" by Paul L. Irwin, Proc. Am. Soc. for Testing Materials,
Vol. 25 (1925). This paper, which appeared after the preparation of the manuscript for this bulletin,
describes fatigue tests made in the laboratories of the Westinghouse Electric and Manufacturing
Company. The tests were made on a Haigh alternating current magnet type testing machine, and in
designing the specimen and grips extreme care was taken to insure axial load. Comparative fatigue
tests were made on five metals using the Haigh machine and a rotating-cantilever (reversed-flexure)
testing machine. The metals tested were 0.15 carbon steel, annealed; 0.37 carbon steel, annealed;
two chrome-nickel steels and forged manganese bronze. For each metal the endurance limit was below
the original proportional elastic limit, and the ratio of endurance limit in tension-compression to en-
durance limit in reversed flexure ranged from 0.95 to 1.10 with an average of 1.02.
Mr. Irwin's results seem to indicate (1) that for metals whose endurance limits are less than their
original proportional elastic limits the discrepencies hitherto observed between the results of repeated
axial-stress tests and rotating-beam tests have been due mainly to unknown bending stresses in the
axial-stress specimens; and (2) that the values given for endurance limit by the rotating-beam tests are
reliable, at least for metals whose endurance limit is not greater than the original proportional elastic
limit.
It is to be hoped that Mr. Irwin's tests may be extended to metals where endurance limits are
higher than the original proportional elastic limit.
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breaks, and opening the switch controlling the motor which drives the
machine. A speed counter is attached to the shaft of the machine and
records the number of cycles required to break the specimen. The
machine operates at 1300 r.p.m.
The form of specimen used in this machine is shown in Fig. 9.
Endurance limits determined with this form of specimen are some-
what less than endurance limits for the same material determined by
the use of the Farmer type machine. This is probably due to the
greater evenness of stress distribution in the Farmer type specimen.
This feature was discussed in Chapter III on page 34.
This machine has proven especially useful in testing specimens of
thin material and of material from locations very close to the surface
of a piece of metal.
31. Testing Machine for Cycles of Repeated Axial Stress.-In this
machine, shown in Fig. 28, and known as Type 3, the specimen S is
FIG. 28. TESTING MACHINE FOR TESTS UNDER REPEATED AXIAL STRESS
(TENSION-COMPRESSION)
directly attached to the heavy spring G and the end of the spring G,
opposite the specimen, is given a reciprocating motion by means of the
connecting rod K which is actuated by the variable throw crank C. The
compression or tension on the specimen causes compression or exten-
sion of the spring G, and this extension or compression is measured by
micrometers M' and M". The natural period of vibration of the
spring G is comparatively slow, and this fact limits the speed of the
testing to a maximum value of 250 cycles per minute.
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VIII. MISCELLANEOUS TEST RESULTS FOR METALS
32. Rotating-beam Tests on Ferrous Metals.-In connection with
the routine work of the investigation tests have been made on a num-
ber of metals in addition to those for which results have been reported
in previous bulletins. A list of these metals with the chemical analysis
of each is given in Table 17. The heat treatments used for each metal
are given in Table 18. S-N diagrams for the rotating-beam fatigue tests
are given in Fig. 29. The complete data for these fatigue tests are
preserved in the files of the investigation, and a copy of this record will
be lent to any interested party on application.
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TABLE 16
RESULTS OF REVERSED-TORSION TESTS OF MISCELLANEOUS FERROUS METALS
Designation
Cyclops metal, as received .......
32 per cent nickel steel-treat-
ment "C"...................
Stainless iron ..................
Testing
Machine
Illinois.......
Olsen-Foster..
Illinois.......
Endurance Limits
(1) (2)
Reversed- Reversed-
shearing flexural
Stress Stress
(Rotating-
beam)
lb. per sq. in.
37 000 55 000
33 000 64 000
26 000 49 000
Ratio
(1) : (2)
0.67
0.52
0.53
The results of the static tension tests of these metals are given
in Table 19, together with the endurance limits determined by rotating-
beam tests. The results of Charpy notched-bar tests, of repeated-
impact tests, of Brinell hardness tests, and of scleroscope tests are
given in Table 20. The apparatus and test methods used for the various
tests of these metals are described in previous bulletins of the investi-
gation.
33. Repeated-torsion (Shearing Stress) Tests on Ferrous Metals.-
Since the publication of Bulletin 142 a number of tests of ferrous
metals have been made in the Illinois reversed-torsion testing machine
and in the Olsen-Foster repeated-torsion testing machine. The data
of these tests are given in Table 15 and the endurance limits have been
determined from direct inspection of the tabulated values.
The results of the tests in which the torsional stress was completely
reversed for each cycle of stress are given in Table 16, together with
the ratio of endurance limit under reversed shearing stress to endur-
ance limit under reversed flexural stress. The values of this ratio for
the nickel steel and the stainless iron do not differ markedly from the
ratios determined for other ferrous metals (see Table 13, Bulletin 142);
for the cyclops metal the value found for this ratio is somewhat higher
than that found for any other ferrous metal.
Metal
No.
2
7
15
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TABLE 18
HEAT TREATMENTS OF WROUGHT FERROUS METALS
For convenient reference all heat treatments used for wrought ferrous metals in the course of this in-
vestigation are tabulated here.
Metal
No. Designation
1.20 carbon steel normalized...
sorbitic ......... . . . .
draw A .............
draw B ............
draw C ........... . .
draw D .. ......
draw E ............
draw F .............
treatment AA ........
Cyclops metal, as received ....
annealed........ ....
0.52 carbon steel, normalized
sorbitic ..............
0.37 carbon steel, as received..
normalized............
sorbitic ..............
Chrome-nickel steel
treatment A .........
treatment B .........
treatment C .........
treatment D .........
0.93 carbon steel, as received .
pearlitic .............
sorbitic .. .... ...
troostitic .......
Heat Treatment
Heat to 14600 F; hold 15 min.; cool in furnace (this anneals
the steel so that it can be machined); then heat to 15800 F;
hold 15 min.; cool in furnace with door open.
First anneal as above; then heat to 1470° F; quench in oil;
reheat to 8600 F; hold 15 min.; cool in air.
Heat to 14600 F; hold 20 min.; cool in furnace; reheat to
16250 F; hold 15 min.; quench in oil.
Anneal, reheat and quench as for draw A; then reheat to
4000 F; hold 30 min.; cool in air.
Anneal, reheat, and quench as for draw A; then reheat to
6500 F; hold 30 min.; cool in air.
Anneal, reheat, and quench as for draw A; then reheat to
9250 F; hold 30 min.; cool in air.
Anneal, reheat, and quench as for draw A; then reheat to
12000 F; hold 30 min.; cool in air.
Anneal, reheat, and quench as for draw A; then reheat to
1400° F; hold 30 min.; cool in air.
Anneal as for normalizing treatment; then reheat to 14200 F;
hold 30 min.; quench in oil; reheat to 800° F; hold 30 min.;
cool in air.
Tested as received; hot rolled for first two passes; then cold
rolled.
Heat to 1725° F; hold 30 min.; cool in furnace.
Heat to 15500 F; hold 15 min.; cool in air.
Normalize as above; reheat to 14500 F; hold 15 min.; quench
in water; reheat to 12000 F; cool in air.
This metal was received in billets 4 in. sq. which had been
hot rolled to this size.
Heat to 1495° F; hold 15 min.; cool in furnace with door open.
Heat to 15500 F; hold 15 min.; quench in water; reheat to
10500 F; cool in air.
Steel received annealed; heat to 1525° F; quench in oil;
reheat to 7000 F; quench in oil.
Steel received annealed; heat to 15250 F; hold 30 min.;
quench in oil; reheat to 14500 F; quench in oil; reheat to
12000 F; hold 1 hour; cool in furnace.
Steel received annealed; heat to 1525° F; hold 30 min.;
quench in oil; reheat to 14500 F; quench in oil; reheat to
12000 F; hold 1 hour; quench in water.
Steel received annealed; heat to 15250 F; hold 30 min.; cool
in air; reheat to 14500 F; hold 30 min.; cool in furnace
This metal was received in size 2"x 7/8"; hot rolled;
Heat to 16000 F; hold 15 min.: cool in air; normalize as
above; reheat to 1450°- F; hold 15 min.; cool in furnace.
Normalize as above; reheat to 14500 F; hold 15 min.; quench
in oil; reheat to 12000 F; hold 30 min.; cool in air.
Normalize as above; reheat to 14500 F; hold 15 min.; quench
in oil; reheat to 8500 F; hold 30 min.; cool in air.
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TABLE 18 (CONTINUED)
Metal
No. Designation
3.50 nickel steel
treatment A .........
treatment B .........
treatment C .........
treatment D .........
draw AA ............
draw BB ............
draw CC ............
draw DD ............
draw EE ............
draw FF .. ......
0.02 carbon steel (Armco)
as received..........
quenched...........
0.49 carbon steel
annealed A ..........
annealed B ..........
annealed C ..........
annealed D ........ ..
annealed E ..........
normalized .. .....
sorbitic ..............
draw A .............
draw B ........... . .
draw C .............
draw D ........... . .
draw E .............
draw F .............
0.53 carbon steel
draw A ........... . .
draw AA ............
draw B ............
draw C ............
draw D ........... . .
draw E ........... . .
draw F .............
Heat Treatment
Heat to 15250 F; hold 30 min.; cool in furnace; reheat to
15250 F; hold 15 min.; quench in oil; reheat to 11000 F;
hold 2 hours; cool in furnace.
Anneal as for treatment A; reheat to 15250 F; hold 15 min.;
quench in oil; reheat to 12000 F; hold 2 hours; cool in
furnace.
Anneal as for treatment A; reheat to 14900 F; hold 15 min.;
quench in water to 9300 F; introduce into hot soaking bath;
as soon as temperature of furnace is reduced to tempera-
ture of steel put steel into furnace and reheat slowly to
11000 F; hold 1 hour; cool in furnace.
Heat to 1445° F; hold 1 hour; cool in furnace.
Anneal as for treatment A; heat to 1450 o F; hold 15 min.;
quench in oil; no draw.
Anneal, reheat, and quench as for draw AA; reheat to 4000
F; hold 30 min.; cool in air.
Anneal, reheat, and quench as for draw AA; reheat to 6000
F; hold 30 min.; cool in air.
Anneal, reheat, and quench as for draw AA; reheat to 8000
F; hold 30 min.; cool in air.
Anneal, reheat, and quench as for draw AA; reheat to 10000
F; hold 30 min.; cool in air.
Anneal, reheat, and quench as for draw AA; reheat to 12000
F; hold 30 min.; cool in air.
This material had been box annealed when received.
Box anneal as above; heat to 15000 F; hold 15 min.; quench
in water.
Heat to 15000 F; hold 30 min.; cool in furnace; polish speci-
mens.
Same as for treatment A; then apply tensile unit stress of
57 600 lb. per sq. in. 20 times; repolish specimens.
Same as for treatment A; then reanneal; polish specimens.
Same as for treatment A; then apply tensile unit stress of
57 600 lb. per sq. in. 20 times; reanneal; polish specimens.
Same as for treatment A; then apply tensile unit stress of
44 800 lb. per sq. in. 20 times; reanneal; polish specimens.
Heat to 17000 F; hold 20 min.; cool in air.
Normalize as above; reheat to 14250 F; quench in water;
reheat to 12000 F; cool in furnace.
Normalize as above; reheat to 1450° F; hold 15 min.; quench
in oil.
Normalize, reheat, and quench as for draw A; reheat to 6000
F; hold 30 min.; cool in air.
Normalize, reheat, and quench as for draw A; reheat to 8000
F; hold 30 min.; cool in air.
Normalize, reheat, and quench as for draw A; reheat to
10000 F; hold 30 min.; cool in air.
Normalize, reheat, and quench as for draw A; reheat to 12000
F; hold 30 min.; cool in air.
Normalize, reheat, and quench as for draw A; reheat to
14000 F; hold 30 min.; cool in air.
Same treatment as for draw A, steel No. 10.
Normalize, reheat, and quench as for draw A, steel No. 10;
reheat to 4000 F; hold 30 min.; cool in air.
Same treatment as for draw B, Steel No. 10.
Same treatment as for draw C, Steel No. 10.
Same treatment as for draw D, Steel No. 10.
Same treatment as for draw E, Steel No. 10.
Same treatment as for draw F, Steel No. 10.
80 ILLINOIS ENGINEERING EXPERIMENT STATION
TABLE 18 (CONCLUDED)
Designation
1.02 carbon steel
treatment A .........
treatment B .........
treatment C .........
S. A. E. 2340 steel
treatment C .........
treatment E .........
Stainless iron, as received.....
High-manganese steel
normalized ..........
sorbitic ..............
Spheroidized steel as received..
Cold-drawn screw stock
treatment A..........
treatment B..........
treatment C.......
Hot-rolled reinforcing rod
treatment A..........
treatment B..........
treatment C ..........
treatment D.........
Low-carbon steel.......... . ..
W rought iron......... .......
Metal
No. Heat Treatment
Heat to 14500 F; hold 30 min.; cool in furnace; reheat to
14500 F; hold 30 mm.; quench in oil.
Heat to 14500 F; hold 30 min.; quench in oil; reheat to 950 o
F; hold 15 min.; cool in air.
Heat to 14500 F; hold 30 min.; quench in oil; reheat to 12000
F; hold 15 min.; cool in air.
Heat to 15250 F; hold 30 min.; cool in furnace; reheat to
14500 F; hold 15 min.; quench in oil; reheat to 8000 F;
hold 30 min.; cool in air.
Heat to 15250 F; hold 30 min.; cool in furnace; reheat to
14500 F; hold 15 min.; quench in oil; reheat to 12000 F;
hold 30 min.; cool in air.
Tested as received; (this material was hot rolled).
Heat to 16000 F; hold 30 min.; cool in furnace with door open.
Heat to 16000 F; hold 15 min.; cool in furnace with door open;
reheat to 1450° F; hold 15 min.; quench in water; reheat to
12000 F; hold 15 min.; cool in air.
This metal was spheroidized when received.
Tested as received.
Heat to 1300° F; hold 15 min.; cool in furnace.
Heat to 15500 F; hold 15 min.; cool in furnace.
Tested as received.
Reduced by pulling from 0.50 in. to 0.44 in. diam.; heat to
5000 F; cool in furnace.
Reduced by pulling from 0.50 in. to 0.48 in. diam.; heat to
5000 F; cool in furnace.
Cold-bent to angle of 450 at middle, straightened cold.
Tested as received; also after case carburizing; see Table 14.
Tested as received.
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IX. CONCLUSIONS
34. Summary of Conclusions.-The following is a summary of
conclusions reached as a result of the investigation:
(1) At elevated temperatures a marked difference was found
between the ultimate tensile strength of various metals as deter-
mined by ordinary static tension tests and as determined by
prolonged and retarded tension tests (12 to 72 hours per speci-
men). This difference became noticeable at temperatures vary-
ing from 400 to 800 deg. F. As temperatures increased beyond
these limits the ratio of ultimate tensile strength as determined
by ordinary tests to ultimate tensile strength as determined by
prolonged and retarded tests also increased.
(2) Of the metals tested those having a high nickel content
(pure nickel, monel, and cyclops) showed the least falling off of
ultimate tensile strength and proportional elastic limit as tem-
peratures were increased. This was true both for ordinary tests
and for prolonged and retarded tests.
(3) Fatigue tests of specimens subjected to reversed flexure
at elevated temperatures have been carried out on a number of
different steels. All these fatigue tests were run at a speed of 1500
cycles of stress per minute. For two of the steels tested (0.49
carbon steel, normalized, and S. A. E. Steel 2340, Treatment C)
the endurance limits increased slightly from ordinary tempera-
tures up to 900 deg. F. and 500 deg. F. respectively; for the other
steels tested the endurance limit decreased slightly from ordinary
temperatures. up to temperatures of about 800 deg. F. For all
steels tested the endurance limit fell off rapidly for temperatures
above 900 deg. F.
(4) Above some particular temperature for each steel tested
the endurance limit approached in value the ultimate tensile
strength given by prolonged and retarded tests. This suggests
that the results of a fatigue test at 1500 cycles of stress per
minute, which was the speed used in this investigation, and which
involves very rapid loading and unloading of a specimen, should
be compared with the results of an ordinary static test rather
than with those of a prolonged and retarded test. Different val-
ues of endurance limit at elevated temperatures might be found
for tests run at slower speeds.
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(5) The results of the tests on specimens with holes and
with fillets of small radius show that the effect of holes and fillets
in intensifying stress is not so serious as the mathematical theory
of elasticity would indicate. The test results show that small
holes reduce the strength of a specimen to resist reversed flexural
stress to values varying from 57 to 82 per cent of that of the
specimen without a hole, the average being 74 per cent; the
mathematical theory of elasticity indicates a reduction to a value
of 33 per cent.
(6) The tests on specimens from turbine discs show that
the type of magnetic survey used furnishes an indication as to
homogeneity or as to internal stress conditions in steel but does
not clearly distinguish good steel from poor steel from the view-
point of this investigation.
(7) Examination of S-N diagrams drawn for 31 series of
fatigue tests on 21 different non-ferrous metals shows the follow-
ing:
(a) In five cases, relating to monel metal and duralu-
min, no evidence is found of the existence of an endurance
limit although tests were run to several hundred million
cycles of stress.
(b) In nine cases endurance limits are seen almost as
distinctly marked as are those of wrought ferrous metals; in
these tests the metals were aluminum, naval brass, aluminum
bronze, and several magnesium alloys.
(c) In the remaining fifteen cases the metals show
fatigue properties intermediate between those of the other
two groups; each metal appears to have an endurance limit
which lies within a range of stress that is not so clearly
marked as it is in the case of wrought ferrous metals.
(8) As a basis for determining a safe working stress for a
non-ferrous metal under repeated stress, it is suggested that, for
metals showing no well-defined endurance limit, the stress which
will cause failure be taken as that stress for which a logarithmic
S-N diagram, or a tangent continuing the S-N diagram beyond
the range of test data, intercepts the co6rdinate which represents
the estimated "life" of the structure or machine in which the
metal is incorporated.
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(9) Cold drawing is, in general, very effective in increasing
the static elastic strength and the static ultimate strength of
non-ferrous metals. Available test results indicate that cold
drawing is much less effective in raising the fatigue strength of
the non-ferrous metals tested. The proportionate improvement
of fatigue strength caused by cold drawing is much less for non-
ferrous metals than is the case for steel.
(10) From available results of fatigue tests of non-ferrous
metals it appears that the ratio of endurance limit to ultimate
tensile strength is distinctly lower for non-ferrous metals than for
wrought ferrous metals. (For wrought ferrous metals the ratio
ranges from 45 to 55 per cent.) Furthermore, for different non-
ferrous metals, and for different treatments of the same non-
ferrous metal, this ratio varies widely.
(11) Available test results indicate that for non-ferrous
metals fatigue strength cannot be determined reliably by short-
time tests in which the rise of temperature of the specimen is
measured after about a thousand cycles of stress.
(12) Test results indicate that case carburizing accompa-
nied by suitable heat treatment is a promising means of increas-
ing the fatigue strength of low-carbon steel under cycles of flexural
stress. Increases of endurance limit as high as 162 per cent were
noted in the fatigue tests made. Case carburizing without suita-
ble heat treatment may not be effective in raising the fatigue
strength of steel.
Probably case carburizing accompanied by suitable heat
treatment would be effective in increasing fatigue strength of
low-carbon steel under cycles of torsional stress; it is much less
effective in increasing strength under axial stress (tension or
compression).
(13) The experience of the authors in connection with
fatigue tests of metals indicates that a fatigue test under cycles
of reversed flexure, made preferably on a rotating-beam testing
machine, is a useful and reliable test. The authors have found
that type of the rotating-beam machine which uses a simple
beam with two symmetrical loads (the "Sondericker" or "Farmer"
type), to be the most satisfactory.
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*Bulletin No. 131. A Study of Air-Steam Mixtures, by L. A. Wilson with
C. R. Richards. 1922. Seventy-five cents.
Bulletin No. 132. A Study of Coal Mine Haulage in Illinois, by H. H. Stock,
J. R. Fleming, and A. J. Hoskin. 1922. Seventy cents.
*Bulletin No. 133. A Study of Explosions of Gaseous Mixtures, by A. P.
Kratz and C. Z. Rosecrans. 1922. Fifty-five cents.
*Bulletin No. 134. An Investigation of the Properties of Chilled Iron Car
Wheels. Part II. Wheel Fit, Static Load, and Flange Pressure Strains. Ultimate
Strength of Flange, by J. M. Snodgrass and F. H. Guldner. 1922. Forty cents.
*Circular No. 10. The Grading of Earth Roads, by Wilbur M. Wilson. 1923.
Fifteen cents.
*Bulletin No. 135. An Investigation of the Properties of Chilled Iron Car
Wheels. Part III. Strains Due to Brake Application. Coefficient of Friction and
Brake-Shoe Wear, by J. M. Snodgrass and F. H. Guldner. 1923. Fifty cents.
*Bulletin No. 136. An Investigation of the Fatigue of Metals. Series of
1922, by H. F. Moore and T. M. Jasper. 1923. Fifty cents.
Bulletin No. 137. The Strength of Concrete; its Relation to the Cement,
Aggregates, and Water, by A. N. Talbot and F. E. Richart. 1923. Sixty cents.
*Bulletin No. 138. Alkali-Vapor Detector Tubes, by Hugh A. Brown and
Chas. T. Knipp. 1923. Twenty cents.
Bulletin No. 139. An Investigation of the Maximum Temperatures and Pres-
sures Attainable in the Combustion of Gaseous and Liquid Fuels, by G. A. Good-
enough and G. T. Felbeck. 1923. Eighty cents.
Bulletin No. 140. Viscosities and Surface Tensions of the Soda-Lime-Silica
Glasses at High Temperatures, by E. W. Washburn, G. R. Shelton, and E. E.
Libman. 1924. Forty-five cents.
*Bulletin No. 141. Investigation of Warm-Air Furnaces and Heating Sys-
tems, Part IT, by A. C. Willard, A. P. Kratz, and V. S. Day. 1924. Eighty-five
cents.
*Bulletin No. 142. Investigation of the Fatigue of Metals; Series of 1923, by
H. F. Moore and T. M. Jasper. 1924. Forty-five cents.
*Circular No. 11. The Oiling of Earth Roads, by Wilbur M. Wilson. 1924.
Fifteen cents.
*Bulletin No. 143. Tests on the Hydraulics and Pneumatics of House Plumb-
ing, by H. E. Babbitt. 1924. Forty cents.
Bulletin No. 144. Power Studies in Illinois Coal Mining, by A. J. Hoskin
and Thomas Fraser. 1924. Forty-five cents.
*Circular No. 12. The Analysis of Fuel Gas, by S. W. Parr and F. E. Vanda-
veer. 1925. Twenty cents.
Bulletin No. 145. Non-Carrier Radio Telephone Transmission, by H. A.
Brown and C. A. Keener. 1925. Fifteen cents.
*Bulletin No. 146. Total and Partial Vapor Pressures of Aqueous Ammonia
Solutions, by T. A. Wilson. 1925. Twenty-five cents.
*Bulletin No. 147. Investigation of Antennae by Means of Models, by J. T.
Tykociner. 1925. Thirty-five cents.
*A limited number of copies of bulletins starred are available for free distribution.
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*Bulletin No. 148. Radio Telephone Modulation, by H. A. Brown and C. A.
Keener. 1925. Thirty cents.
*Bulletin No. 149. An Investigation of the Efficiency and Durability of Spur
Gears, by C. W. Ham and J. W. Huckert. 1925. Fifty cents.
*Bulletin No. 150. A Thermodynamic Analysis of Gas Engine Tests, by C. Z.
Rosecrans and G. T. Felbeck. 1925. Fifty cents.
*Bulletin No. 151. A Study of Skip Hoisting at Illinois Coal Mines, by Arthur
J. Hoskin. 1925. Thirty-five cents.
*Bulletin No. 152. Investigation of the Fatigue of Metals; Series of 1925, by
H. F. Moore and T. M. Jasper. 1925. Fifty cents.
*A limited number of copies of bulletins starred are available for free distribution.




THE UNIVERSITY OF ILLINOIS
THE STATE UNIVERSITY
Urbana
DAVID KINLEY, Ph,D., LL.D., President
THE UNIVERSITY INCLUDES THE FOLLOWING DEPARTMENTS:
The Graduate School
The College of Liberal Arts and Sciences (Ancient and Modem Languages and
Literatures; History, Economics, Political Science, Sociology; Philosophy,
Psychology, Education; Mathematics; Astronomy; Geology; Physics; Chem-
istry; Botany, Zoology, Entomology; Physiology; Art and Design)
The College of Commerce and Business Administration (General Business, Bank-
ing, Insurance, Accountancy, Railway Administration, Foreign Commerce;
Courses for Commercial Teachers and Commercial and Civic Secretaries)
The College of Engineering (Architecture; Architectural, Ceramic, Civil, Electri-
cal, Mechanical, Mining, Municipal and Sanitary, and Railway Engineering;
General Engineering Physics)
The College of Agriculture (Agronomy; Animal Husbandry; Dairy Husbandry;
Horticulture and Landscape Gardening; Agricultural Extension; Teachers'
Course; Home Economics)
The College of Law (Three-year and four-year curriculums based on two years and
one year of college work respectively)
The College of Education (including the Bureau of Educational Research)
The Curriculum in Journalism
The Curriculums in Chemistry and Chemical Engineering
The School of Railway Engineering and Administration
The School of Music (four-year curriculum)
The Library School (two-year curriculum for college graduates)
The College of Medicine (in Chicago)
The College of Dentistry (in Chicago)
The School of Pharmacy (in Chicago); Ph.G. and Ph.C. curriculums
The Summer Session (eight weeks)
Experiment Stations and Scientific Bureaus: U. S. Agricultural Experiment Sta-
tion; Engineering Experiment Station; State Laboratory of Natural History;
State Entomologist's Office; Biological Experiment Station on Illinois River;
State Water Survey; State Geological Survey; U. S. Bureau of Mines Experi-
ment Station.
The Library collections contain (March 1, 1925) 659,296 volumes and 127,788
pamphlets.
For catalogs and information address
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¶~4~ ~Ar
,~
k ft
~ -i~ > ~
>- (I
¼ k K
-Y ^ '1* *
C>
V 4
-4
- A
3
